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ABSTRACT 
Modeling Inclusions in Self-Assembled Membranes: Studies with  
Surfactants, Proteins and Cholesterol 
Veena Pata 
Nily Dan, Ph.D. 
 
 
 
Theoretical studies of inclusion-induced structural perturbations in self-assembled 
membranes are motivated by a need to understand biophysical aspects of natural cellular 
membranes as well as property-performance relations in synthetic vesicles. Much of the 
progress in the study of membranes has come from studies on model lipid membranes. 
Despite extensive investigations, lipid-based vesicles are limited in their applications. 
However, technological advances have led to the development of polymer-based 
membranes which present a novel opportunity to study membrane properties as a 
function of molecular weight. To explore future applications of polymer vesicles, it is 
important to exploit the role played by the material properties.  
In this work, we examine the effect of the membrane characteristics on the 
behavior of protein, surfactant and cholesterol-type inclusions. Mathematical models are 
developed based on membrane elasticity theory to provide a framework for 
characterizing membrane perturbations. We find that the behavior of inclusions in thicker 
polymer membranes differs qualitatively and quantitatively from that of lipid membranes. 
Bilayer thickness, which depends on the amphiphile molecular weight, is found to impose 
a barrier to surfactant diffusion as well as protein adsorption in polymer membranes. 
Also, membrane-mediated interactions are shown to significantly influence phase 
behavior of cholesterol inclusions in lipid bilayers.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Overview 
The cell is one of the most basic units of life that is highly organized with many 
functional units and organelles, confined by one or more membranes. The cell membrane 
was initially considered as a simple barrier regulating the transport of essential nutrients 
across the membrane. However, the enormous diversity of membrane functions has 
become apparent over years of extensive research and there is indication today that the 
cell membrane is important even in functions related to certain devastating diseases such 
as cancer and AIDS. Thus, membranes are not only essential for the integrity of the cell 
but also play a crucial role in its structure and function [1].  
The cell membrane is essentially a bilayer membrane that consists of two layers 
of amphiphilic molecules, with a dual hydrophobic-hydrophilic character. These 
molecules are primarily the lipids, and provide the structural framework of the 
biomembrane.  However, this molecularly thin membrane is remarkably diverse in that it 
hosts a number of inclusions including a wide variety of lipids, proteins and sterols, 
which are essential for the viability of the cell [2]. Proteins are the biochemically active 
components of the biomembrane and are involved in a number of essential structural and 
regulatory activities. 
Nature’s best example of a self-assembled membrane, the cell membrane, is 
complex and diverse in nature. Yet, a major part of the biological activity, on the 
molecular level, in all cellular organisms is associated with membranes. In order to 
understand how biological membranes work, it is important to develop a detailed 
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understanding of the structure of the lipid bilayer, property-performance relations and the 
thermodynamic principles underlying its stability. This formed the basis for the 
motivation behind most studies on membranes as well as inclusions in membranes. 
Moreover, over the past few years, the recognition that molecular interactions within the 
bilayer influence membrane dynamics has directed much of the focus of membrane 
research at the dynamics of the membrane, and the relation between membrane dynamics 
and function. Thus, fundamental and technological advances in the study of membranes 
have become a meeting ground for a number of diverse scientific disciplines ranging 
from biophysics to molecular biology. 
Since lipids form the structural skeleton of biomembranes, much of the progress 
in the study of membranes has come from exploiting the advantages of studying model 
membranes made from lipids [3, 4]. These amphiphilic molecules self-assemble into 
different microstructures in an aqueous medium to avoid unfavorable interactions with 
the solvent [5]. Numerous model membrane systems have been developed for studying 
the properties of membrane inclusions: monolayers, bilayers and vesicles (liposomes). 
Information from each of these systems has been valuable in our understanding and 
developing concepts of biomembranes. Specifically, significant advances have been 
made in the complexity of membrane systems including inclusions such as cholesterol, 
small solute molecules, lipid-protein and lipid-DNA complexes [6-8]. Moreover, studies 
on the interaction of surfactants and fatty acids with lipids are inspired by the want of 
knowledge from several research fields of high activity such as identification of 
membrane rafts, membrane protein crystallization, formation of non-lamellar phases in 
membranes and membrane fusion [9-11]. Lipid vesicles (liposomes) have also been 
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extensively investigated in another demanding area: applications in the pharmaceutical 
industry. Also, continued progress in the comparison of theoretical predictions with 
experiment, both to validate theoretical models as well as to aid in the interpretation of 
existing experimental data, has made the study of inclusions in model membranes very 
promising and challenging. 
Much has been learnt from the study of inclusions in model lipid membranes, 
both towards understanding biological membranes as well as exploring industrial 
applications of lipid-based vesicles. Despite this, the limited stability of the structures 
formed by lipids has made their practical use difficult. However, lessons learned from 
one membrane system can be extended to other systems. One such system is that of a 
polymer-based approach to vesicle formation [12]. Block copolymers that mimic lipid 
amphiphilicity can also self-assemble into various structures in solution.  A striking 
advantage of synthetic, amphiphilic polymers is that polymer molecular weights can be 
orders of magnitude greater than those of biological amphiphiles, principally lipids of 
molecular weight less than 1 kilodalton [13]. The material versatility of polymers, 
ranging from polydispersity, chemistry, reactivity and synthetic diversity, along with a 
widened choice of polymer molecular weights, broadens the range of properties 
achievable. Moreover, polymer vesicles (polymersomes) are the macromolecular 
equivalents of lipid vesicles (liposomes) and are speculated to be promising for potential 
pharmaceutical and biomedical applications. Thus polymer membranes present a novel 
opportunity to develop a better understanding of membrane properties. They can also be 
engineered to modulate drug release rates and to incorporate targeting ligands. In order to 
further explore and develop the many possibilities offered by polymer vesicle systems, it 
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is important to understand, experimentally as well as theoretically, the effect of the 
membrane characteristics on stability, degradation, encapsulant retention and release rate, 
and functionalization. To that end, the development of a theoretical correlation for: (a) 
understanding the effect of the membrane characteristics on the incorporation of protein 
inclusions and (b) testing the vesicle stability to bioamphiphile-like surfactants is of 
significant importance. 
 
1.2 Motivation 
The ultimate goal of this work is to develop a qualitative and quantitative 
description of the effect of membrane characteristics on the behavior of “perturbants” 
such as proteins, surfactants and cholesterol in self-assembled membranes. The 
motivation for this research arises from the facts that: 
a. Structural features of vesicles as well as properties including stability, membrane 
fluidity, and intermembrane dynamics are greatly influenced by the membrane 
characteristics such as thickness (or molecular weight). Polymer membranes offer 
many possibilities to exploit some of these features and future applications of 
polymer vesicles will rely on exploiting unique property-performance relations. 
b. There is a lack of a clear understanding of the effect of polymer membrane 
characteristics, particularly the enhanced membrane thickness, on the behavior of 
inclusions such as proteins and surfactants.  
c. Membrane-mediated interactions between inclusions, which depend both on the 
nature of the inclusions as well as the properties of the membrane, could have a 
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significant influence on the distribution and phase behavior of membrane 
inclusions such as transmembrane proteins and cholesterol.  
 
1.3 Organization of Thesis 
This dissertation is organized as follows. Chapter 2 gives a general background on 
many of the principles that are important in understanding the motivation behind the 
work presented in later chapters and Chapter 3 briefly summarizes the research goals. 
Chapter 4 leads us into a combination of experimental and theoretical work to investigate 
the stability of polymer vesicles to solubilization by surfactants. This chapter lays down 
some of the principles for protein reconstitution into polymer membranes. Chapters 5 and 
6 explore the development of a robust theoretical model for the incorporation and 
distribution of transmembrane proteins into polymeric bilayers. Moving from polymer 
membranes to lipid membranes, Chapter 7 explores theoretically the influence of 
membrane-mediated interactions on phase separation and domain formation in 
cholesterol-lipid mixtures. Finally, Chapter 8 provides a concluding summary of the 
significant contributions from this research work, with some suggestions for future 
directions. 
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CHAPTER 2: BACKGROUND 
 
 In order to understand the motivation behind some of the studies presented in later 
chapters in this thesis, it is important to have a general background in topics relevant to 
self-assembly, membrane - dynamics, perturbation, solubilization and vesicle-based drug 
delivery. 
 Until a few years ago, the study of membranes was achieved using model 
membranes composed of amphiphilic lipids. Many of these studies led to a broad 
understanding of various aspects of the biophysics of cell membranes. However, a 
combination of technological advancements and innovative chemistry led to the 
discovery of novel polymeric materials which opened up a whole new realm of 
possibilities for studying membranes. Extending lessons learned from model lipid 
membranes, the current focus on membrane studies has shifted towards exploring these 
complex polymeric systems. 
 
2.1 Self-Assembly 
Amphiphilic molecules possess polar (hydrophilic) head groups and non polar 
(hydrophobic) chains. These molecules spontaneously self-organize into a variety of 
microstructures, to minimize unfavorable interactions with the solvent. The size, shape, 
and state of dispersion of these molecules are dictated by the molecular size, 
composition, architecture, and the concentration of the amphiphile [1]. Understanding the 
connection between supramolecular microstructure and molecular structure is essential 
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for a wide range of technical applications in which the desired function of a complex 
fluid is made possible through the precise control of the self-assembled microstructure. 
In considering how amphiphilic molecules pack into a particular geometry, it is 
convenient to rationalize the packing requirement in two parts: first, the non polar region 
has a fixed molecular volume (v) and a maximal length (l) and second, the polar head 
group has an optimal interfacial area (ao). In fact, the optimal headgroup area is set by a 
delicate balance between interfacial tension, headgroup repulsion and entropic penalty for 
hydrophobic chain deformation. The parameter, v/aol, known as the critical packing 
parameter, determines the net aggregate structure [1]. For a simple amphiphile like a lipid 
or a block copolymer in an aqueous solution, an average molecular shape in the form of a 
cylinder, wedge, or cone indicates whether membrane, rod-like, or spherical 
morphologies will respectively form. This average molecular shape is most simply a 
reflection of the hydrophilic-to-hydrophobic ratio, f. 
 
2.2 Membrane Dynamics 
The fluid mosaic model of the cell membrane introduced by Singer and Nicholson 
has helped us conceptualize the biomembrane as a fluid-like bilayer in which proteins are 
embedded to various degrees. This also led to the realization that all biological structures 
are dynamic in nature [2, 3]. Since most of the fundamental biochemical functions of 
cells involve membranes at some point, including diverse processes such as DNA 
replication, protein biosynthesis, protein secretion, bioenergetics and hormonal responses, 
it is important to understand the relation between membrane dynamics and biological 
processes. 
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Over the past few years, enormous literature has developed the quantitative and 
qualitative aspects of the dynamics of membrane components [4]. Much of this work has 
been accomplished by focusing on model membranes made from lipid molecules and 
lipid-inclusion systems. The results from such studies provide a useful physical picture of 
the membrane which encompasses ways in which membrane proteins and lipids interact 
with each other as well as outline the principles for studying more complex membranes 
being developed today, such as those made from polymers. Two important aspects of 
membrane dynamics are membrane fluidity and membrane perturbations. 
2.2.1 Membrane Fluidity 
The lipid bilayer, firmly established as the universal basis of the cell-membrane 
structure, is a two-dimensional fluid. The fluidity of the lipid bilayer depends on its 
composition. Maintenance of fluidity is known to be critical to function in biological 
membranes. Membrane fluidity confers molecular mobility to the components and is 
usually used in a more qualitative sense, generally meant to be a measure of the 
resistance to movement of lipids and proteins within the membrane. Specialized proteins 
within the membrane provide mechanisms for facilitated transport, active transport, and 
ion transport [2]. For these proteins to function properly, the physical state of the 
surrounding bilayer plays a significant role. Development of a mathematical model that 
incorporates descriptions of the different contributions to the membrane dynamics prove 
useful. 
Lipid molecules, typically of molecular weight less than 1 kilodalton, form 
bilayers that are usually 3-4 nm thick. This small thickness makes them more susceptible 
to fluctuation and defects. Block copolymers that mimic lipid amphiphilicity also self-
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assemble to form membranes. However, polymer molecular weights can be orders of 
magnitude greater than those of lipids, presenting a novel opportunity to study membrane 
properties as a function of MW (or thickness, d) [5]. Detailed characterization by single 
vesicle micromanipulation techniques show that membrane fluidity of polymer 
membranes decreases with increasing molecular weight [6]. This feature of polymers can 
be exploited to make tougher and rigid membranes for applications that demand 
enhanced stability such as controlled-release drug delivery. 
2.2.2 Membrane Perturbations 
 As mentioned above, the lipid bilayer is fluid in nature because of which it is able 
to easily adjust its conformation or even undergo structural transitions. Membrane 
inclusions, such as proteins are an integral part of the biological membrane. Several lines 
of evidence suggest that inclusions in membranes perturb the bilayer structure to various 
degrees [7-18]. Whenever a fluid membrane is subject to a local perturbation, this 
perturbation propagates into the bilayer, affecting its structure and allowing for 
interactions that are membrane-mediated [19]. The nature of these interactions, i.e. 
attractive/repulsive, depends on the geometry of the inclusion as well as on the membrane 
characteristics. 
 For example, integral membrane proteins induce perturbations in the lipid bilayer 
and such elastic distortions in the bilayer play a major role in governing protein 
organization in the membrane, which in turn affects their function [20-23]. Perturbations 
are induced largely due to the amphiphile hydrophobic chains conforming to the 
shape/size of the protein surface and being somewhat constrained in certain rapid motions 
as a result of being near the protein. Considerable experimental and theoretical effort has 
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been expended into uncovering the principles of how lipid membranes adjust their 
structure in response to a localized perturbation [24-26]. In the case of lipid bilayers, 
these effects are expected to be short-ranged, not extending beyond the boundary layer.  
 In principle, strains introduced into the bilayer can have long-range influences 
depending on the characteristics of the membrane. This could result in reorganization of 
the amphiphile and/or protein components for maximum stability. There is a large body 
of evidence showing that biological membranes can exhibit both lateral and transverse 
asymmetries [3]. Some of the types of membrane perturbations introduced in a bilayer 
with inclusions are (see Figure 2.1): 
a. Symmetric perturbations: These kind of perturbations leave the bilayer mid-plane 
unaffected. Typical examples include: a transmembrane inclusion (protein or 
peptide) with up-down symmetry, the inverse hexagonal phase and bilayer rim. 
b. Asymmetric perturbations: These perturbations disturb the bilayer mid-plane. 
Typical examples include cone-like intrinsic proteins, tilted transmembrane 
proteins and peripherally adsorbed particles.  
c. Perturbations due to thickness mismatch: A mismatch between the size of the 
protein and the hydrophobic region of the bilayer is another source of bilayer 
deformation. Either the protein or the hydrophobic chains of the amphiphile has to 
adjust to avoid the exposure of any hydrophobic surface to water. 
In this regard, the existence of diverse lipids in the biomembrane explains why some 
lipids are preferred over others. Certain lipid shapes favor packing configurations that 
may be necessary to stabilize regions of high curvature, junctions between membranes or 
optimal interactions with specific proteins. A wedge shaped protein or one which 
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penetrates only one monolayer could cause the lipids to tilt in one or both leaflets of the 
bilayer (depending on how far the protein extends). This tilting can be propagated well 
beyond the protein surface and influence the lipid interactions with other membrane 
proteins in this region [27]. Reorganization of lipids can help relieve this strain and 
minimize packing defects. Induced lateral curvature is another possible deformation 
which could result from a protein [28]. Moreover, it has been clearly established that 
membrane proteins do not diffuse freely in the fluid lipid bilayer [29]. Long-range 
interactions in the bilayer can thus influence protein-protein associations and there is 
evidence for differential lateral domains within membranes [30].  
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Figure 2.1 Possible inclusion-induced perturbations of the lipid bilayer. (a) Local 
change in order parameter. (b) Elastic distortion by wedge-shaped protein. 
(c) Change in local curvature of the bilayer. (d) Compression (or dilation) 
of bilayer due to mismatch in length of hydrophobic regions. 
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2.3 Lipid-Protein Interactions 
Proteins, the molecular machines of the cell, are the biochemically active 
components of the membrane and provide the diversity of enzymes, transporters, 
receptors, pores, etc. which distinguishes each particular membrane [31]. Since proteins 
are responsible for most of the functions of the cell membrane, it is important to 
understand the structure-function correlations of the membrane and proteins. Also, a 
conformational change in induced membrane components such as proteins is known to 
transmit important information between the cell interior and exterior [2]. 
 The basic physical chemistry of lipids and lipid-protein mixtures is relevant to 
biomembranes, especially as regards possible lateral inhomogeneities and the way in 
which components interact in the bilayer. Since lipid bilayers are fluid in nature, it is 
important to understand the influence of membrane proteins on the physical state of the 
lipids. Moreover, as mentioned above, depending on the protein characteristics, 
perturbations induce membrane fluctuations that could significantly influence the protein 
activity. Some of the critical considerations in this perspective (relevant to the 
understanding of the structure and the function of the membrane) are: (a) how do the 
membrane proteins bind to the bilayer and what is the nature of the lipids adjacent to the 
protein, (b) do membrane-proteins have long-range effects on the order or dynamics of 
membrane lipids, (c) how do the lipids influence the structure/function of intrinsic 
membrane proteins and (d) how do peripheral membrane proteins which bind to the 
bilayer surface interact with the lipids and influence their behavior? The knowledge 
gained from answers to such questions can also be extended, to some extent, to 
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understand and further characterize the interactions of membrane proteins with bilayers 
composed of amphiphilic polymers. 
 Membrane-mediated interactions induced by membrane perturbations have been 
shown to play important roles in the function of voltage-gated channel proteins such as 
alamethicin and gramicidin [22]. However, it is important to realize that there is a great 
variety of modes of attachment of membrane proteins to the membrane and a number of 
forces are involved in stabilizing these interactions. When characterizing the behavior of 
certain specific proteins, some of these forces must be taken into consideration, along 
with membrane-mediated interactions. 
Forces in Membranes: Membrane proteins are also usually bound to the membrane 
through non covalent forces, such as the hydrophobic force or electrostatic interactions. 
The major thermodynamic force stabilizing hydrated lipid aggregates is the hydrophobic 
force [32]. This force stabilizes virtually all biological macromolecular structures 
including globular proteins as well as the phospholipid bilayer. It is a thermodynamic 
drive for the system to conform to shapes that minimize the contact between non polar 
regions of the lipids and water and is entropic in origin. Other forces include van der 
Waals (VDW) forces that are short-range attractive forces between adjacent hydrocarbon 
chains [1]. Hydrogen bonding between polar head-groups of certain types of lipid 
molecules is another stabilizing force. Polarization of water molecules by the lipid polar 
head-groups results in a strong repulsive interaction when two bilayers are brought close 
together. This “hydration force” keeps hydrated bilayers a few (~ 3 nm) apart [2]. This 
force also provides the major energetic barrier that should be overcome for membrane 
fusion to occur [33].  
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 Though much research effort has focused on lipid-protein interactions of 
transmembrane proteins, there has been a growing interest in the details of how 
peripheral membrane proteins bind to and influence the bilayer. There seems to be a rich 
diversity of interactions between peripheral membrane proteins and the phospholipid 
bilayer. Membrane proteins are also viewed as being folded so as to present a non polar 
hydrophobic surface which interacts with the non polar regions of the lipid bilayer. Also, 
many membrane proteins are transmembranous and extend through the bilayer. Other 
membrane proteins are probably bound to the membrane exclusively through interactions 
with other proteins. 
 
2.4 Lipid-Cholesterol Mixtures 
Cholesterol is by far the most commonly found sterol in the membrane (30% 
mass of most animal cell membranes). The interactions between cholesterol and lipids, 
specifically phospholipids and sphingolipids have been extensively studied [34]. There is 
reasonable agreement on the phenomenological description of cholesterol-lipid mixtures 
but there is no consensus on the interpretation of data in terms of specific structural 
models. The presence of cholesterol is known to have a substantial effect on the order 
parameters measured along the lipid hydrocarbon chain by nuclear magnetic resonance 
(NMR) technique [35], and on the phase transition of the lipid [36]. The ordering 
phenomenon is due to the difficulty in packing the hydrocarbon chains adjacent to the 
rigid sterol moiety. As a result lipid-cholesterol mixtures behave in some ways (e.g. 
disorder) as intermediates between the gel and liquid crystalline states of the pure 
phospholipid (see Figure 2.2).  
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Packing restrictions generally prevent miscibility, resulting in clustering or lateral 
phase separations. A key question of biological relevance is whether cholesterol in 
biomembranes is distributed randomly in the bilayer or whether it clusters or is 
concentrated in distinct domains. No simple picture has emerged from the model studies 
on binary mixtures, but it is clear that phospholipid-cholesterol mixtures do not behave 
ideally with randomly distributed components [34]. 
 In some studies by differential scanning calorimetry (DSC) [34], with cholesterol-
dimyristolphosphatidylcholine (DMPC) mixtures with < 20% cholesterol, two separate 
phases are detected. Between 20% and 50% cholesterol, a single phase is observed and 
above 50%, there is no phase separation because cholesterol completely obliterates 
cooperative interactions between lipid hydrocarbon chains. As such, typically cholesterol 
compositions of 20%, 33% and 50% have been identified as critical compositions, but the 
structural arrangements within each phase are not yet clearly understood. Some studies 
believe that it is possible for stable lipid-cholesterol molecular complexes to exist [37], 
whereas others tend to believe that the cholesterol is distributed in the membrane in the 
form of superlattices [38], without the formation of complexes of specific 
stoichiometries. In summary, cholesterol-lipid mixtures are complex and polymorphic, 
and there is evidence for lateral phase separation under some conditions and such 
specialization into macroscopic domains is known to be essential for the normal function 
of cells. 
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Figure 2.2 Possible phase transitions in lipid bilayers: (a) gel phase and (b) liquid 
crystalline phase. 
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2.5 Membrane Solubilization 
The rapid development leading to our current view of membranes has largely 
been due to the progress in characterizing membrane proteins. Progress in our 
understanding of membrane proteins was initiated when biochemists learned to use 
detergents to solubilize these proteins from membranes in biochemically active forms 
[39]. Detergents disrupt the lipid bilayer and bind to the membrane proteins at the non 
polar binding sites [40, 41] (see Figure 2.3). Many procedures have been developed to 
reconstitute detergent-solubilized purified membrane components into model membrane 
systems [39, 42-52].  
 Incorporation of membrane proteins into polymer bilayers would require a similar 
solubilization technique. As with lipid bilayers, the mechanism of solubilization would 
depend on the nature of the detergent. However, with polymer bilayers, due to the higher 
molecular weight, there is an added parameter (the membrane thickness) that needs to be 
studied. 
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Figure 2.3 Membrane solubilization by surfactants to extract membrane proteins. 
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2.6 Vesicle-Based Drug Delivery 
 Drug delivery is an interdisciplinary area of study in which people from almost 
every scientific discipline can make a significant contribution. Oral drug delivery in the 
form of pills and intravenous drug delivery as injections have enabled significant medical 
advances to be made. Yet these are inadequate for the delivery of large molecules such as 
recombinant proteins. Thus, current research focuses on therapies that involve the use of 
novel materials. 
 Better medical treatments do not always require stronger medicines because the 
effectiveness of therapeutic agents also depends on the method of administration. 
Treatments can often be improved by finding optimal drug formulations or delivery 
systems. In recent years, research into new drug delivery methods has intensified and 
some of these developments harness new technologies to improve existing methods. 
Amphiphilic molecules, such as lipids, can be used to form hydrophobic and hydrophilic 
compartments within an aqueous environment. As such, the term “liposome”, defined as 
a lipid bilayer structure which encloses an aqueous volume protected by a membrane, 
was first introduced by Bangham et al. The size and shape of liposomes can be varied by 
changing the mixture of lipids, the degree of saturation of the fatty acid side chains, and 
conditions of formation [53]. Since molecules can segregate into different regions of the 
liposome, these multiphase systems found great potential for drug-delivery applications 
[54]. Hydrophobic drugs which are insoluble in water can be loaded into liposome 
membranes for delivery. Alternatively, water-soluble drugs can be loaded into the 
aqueous core region. 
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 Despite their use extensively in drug delivery research, liposomes have been 
limited in their applications due to several reasons, the most important being stability in 
vivo [55]. Liposomes disappear rapidly from the blood due to phagocytosis by cells of the 
reticuloendothelial system, which ingests objects that are the size of most liposomes. The 
circulating half-life can be increased by coupling water-soluble polymers 
(polyethyleneglycol, PEG is used most commonly) to the water-soluble regions of the 
phospholipid [54, 56-61]. Modified liposomes, referred to as ‘Stealth’ liposomes, have 
longer circulation times, presumably due to changes in the rate of phagocytosis produced 
by the polymer coating. An increase in circulation time is a tremendous potential 
advantage for efficient drug delivery. 
However, as technology has advanced over the past few decades, methods of drug 
and vaccine production became more sophisticated and rational, and people incite new 
strategies, including novel materials, for drug administration.  
2.6.1 Polymers in Drug Delivery 
The development of better materials and smarter ways for using existing materials 
will nevertheless improve human health care. Drug delivery systems often require 
synthetic components or biomaterials, and frequently these materials are polymers which 
provide a tremendous potential resource in treating human diseases [68-71]. Polymers of 
a variety of chemistries, shapes and forms are being developed and used. Many materials 
are now common: catheters, coatings for pacemaker leads and contact lenses, artificial 
hip and heart.  
For the rational design of polymeric biomaterials, an understanding of polymer 
chemistry and polymer physics is necessary. In order to provide a working foundation to 
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develop useful methods for drug delivery, research has focused on developing polymeric 
materials. Specifically, the invention of novel block copolymer amphiphiles, with PEG as 
the hydrophilic block, that self-assemble to form vesicles in an aqueous media have 
gained a lot of attention for applications in drug delivery [5, 62-66]. These 100% 
PEGylated vesicles have already shown longer circulation times in vivo [67]. Thus, 
biocompatible polymers have become critical components in the design of delivery 
systems [71]. Though polymeric materials have long been used in experimental drug 
delivery systems of small or large molecules, the promise of polymeric controlled-release 
systems is still largely unrealized. 
2.6.2 Controlled Drug Delivery 
Controlled-delivery systems offer an alternative approach to regulating both the 
duration and spatial localization of therapeutic agents. These frequently involve 
combinations of active agents with inert polymeric biomaterials. Polymeric membranes 
can be used to control the rate and site of drug release since polymers provide the greatest 
versatility in design [72]. Degradable polymers, particularly polymers that degrade by 
hydrolysis, are appealing materials for use in clinical medicine because they disappear 
after implantation [71]. 
 
2.7 Polymer Membranes 
The most striking feature of polymers is their material versatility, enabling a 
better control over tailoring their properties. The development of polymer vesicle systems 
primarily extends the amphiphilicity provided by lipids, and underscores the possibility 
of a spectrum of self-assembled structures. It has already been shown that many 
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biological membrane processes can be mimicked by synthetic polymer vesicles. 
However, a question of central importance is: What properties does the enhanced 
polymer molecular weight impart to the membrane? 
While the thickness of lipid-based vesicles is in the range of 3-4 nm, polymer 
membrane thickness ranges from 5-30 nm as a function of molecular weight. This allows 
for differential tuning of vesicle properties such as elasticity, permeability, and 
mechanical stability in ways not previously possible with lipid vesicles [6, 67, 72-79]. 
Area elasticity measurements of interfacial tension, γ (~ 25 mN/m) appear independent of 
MW and indicate that opposition to interfacial dilation is dictated by polymer chemistry 
and solvent alone. Electromechanical stability increases with membrane thickness up to a 
limit reflective of γ [72]. The cohesive density or toughness of these vesicles exceeds the 
rupture energy of any natural lipid membrane by an order of magnitude. This cohesive 
density is indicative of the diffusion barrier imposed by the thickness of the vesicle 
membrane. Such mechanical properties are a critical determinant of vesicle stability, drug 
permeability and controlled release of the drug. 
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CHAPTER 3: RESEARCH GOALS 
 
The overall goal of this research effort is to develop mathematical models to 
provide a comprehensive understanding of the effect of membrane characteristics on 
inclusion-induced perturbations in self-assembled membranes. Specifically, the focus is 
on the design of a theoretical framework that will use as input some properties of the 
membrane and the inclusion, and provide as output the net behavior of the membrane-
inclusion system. Inclusions in lipid vesicles have been extensively characterized in the 
past, but future applications of polymer vesicles will rely on exploiting unique property-
performance relations. Moreover, the material versatility of polymers broadens the range 
of achievable membrane properties, presenting a novel opportunity to study membrane 
properties as a function of molecular weight. The following lists an outline of the specific 
aims of this research. 
 
1. Study the stability of self-assembled diblock-copolymer vesicles 
(polymersomes) exposed to amphiphilic detergents, and explore the 
mechanism governing the dissolution process. This relates to (a) 
understanding in vivo stability of polymeric vesicles to serum amphiphiles 
(biosurfactants) and (b) developing methods for drug incorporation into 
polymersomes. 
 
2. Develop a model for transmembrane protein adsorption into polymeric 
bilayers composed of symmetric diblock copolymers, as a function of the 
 32
polymer chain length and protein dimensions. This study will (a) enable 
understanding the stability of polymersomes to serum proteins, which 
initiate immune response, and (b) allow functionalization of 
polymersomes for targeting purposes. 
 
3. Examine the influence of membrane-induced interactions between 
proteins in a polymeric bilayer, as a function of the hydrophobic 
mismatch. This study will (a) determine the distribution of proteins in the 
membrane and (b) optimize the selection of polymer vesicles for 
biomedical or drug delivery applications.  
 
4. Investigate the effect of membrane characteristics on cholesterol 
inclusions in a fluid lipid bilayer. This will enable an understanding of (a) 
phase separation and domain formation in cholesterol-lipid mixtures and 
(b) formation of cholesterol-rich domains as nucleation sites in diseases 
due to cholesterol enrichment such as gall stone formation and 
atherosclerosis. 
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CHAPTER 4: POLYMERSOME SOLUBILIZATION BY SURFACTANTS 
 
4.1 Introduction 
Surfactants have numerous applications, from pure and applied science to 
industry and everyday life. Specifically, they are widely used in membrane biology, for 
biomembrane solubilization, based on their ability to form mixed micelles with the 
membrane lipids and proteins. The bilayer-to-micelle transition of the membrane is 
reversible upon removal of surfactant and the mixed bilayers formed this way are known 
as reconstituted membranes. Numerous factors regulate these transformations: the 
surfactant molecular structure, the membrane composition, the aqueous medium 
composition, the temperature. In view of this complexity, it is the lipid-surfactant-water 
phase diagram that would provide the basic information on the membrane-surfactant 
interactions.  
The study of membrane–surfactant (detergent) interactions is driven by two major 
needs: (a) it is an important tool for the isolation, purification, reconstitution and 
crystallization of integral membrane proteins [1-12] and (b) is essential for the 
incorporation of pharmacological agents into synthetic drug-carrying vesicles [13-16] 
(Figure 4.1). Lipid bilayers (vesicles) are of special interest and have been extensively 
investigated and utilized as drug-delivery vehicles [14]. The competing tendencies of 
lipids to form bilayers and surfactants (detergents) to form high-curvature aggregates 
(micelles) control the mixture behavior. The solubilization of lipid bilayers is 
accompanied by morphological changes of the bilayer and the emergence of mixed 
micelles. Low surfactant concentrations increase bilayer permeability [5] while high 
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concentrations break down the lamellar structure and lead to the formation of mixed 
surfactant/lipid micelles [2, 4, 5]. The exposure of surfactants to drug-loaded vesicles 
may thus alter their permeability and lysis behavior, which could offer precise control 
over the release of vesicle contents, useful for controlled drug delivery. 
Surfactant-induced dissolution of lipid bilayers is commonly described by a three-
stage model [5] which requires lipid transport from the inner to the outer bilayer leaflet 
(‘flip-flop’). Although applicable to many systems, it fails in cases where cross-bilayer 
transport of membrane components is suppressed. One such system where the accepted 
surfactant-induced dissolution model cannot apply is that of ‘Detergent Resistant 
Membranes’, or DRMs. These are biomembrane fragments that remain intact during the 
detergent dissolution process, rather than dissolve into mixed micelles [17]. Schuck, et 
al., [18] have shown that the composition of DRMs is sensitive to the type of detergent 
used, indicating that they may not be directly related to distinct membrane domains. 
Schroeder, et al., [19] have shown that detergent insolubility is linked to a non-fluid state 
of the membrane lipids, rather than to cohesive forces such as hydrogen bonds. 
Examining the three-stage model, we see that the only place where the membrane fluidity 
could play a significant role is by suppression of the lipid ‘flip-flop’ rate. Thus, one may 
wonder if the detergent resistant domains are formed in systems where trans-bilayer 
transport of the membrane components is suppressed.  
To understand the effect of amphiphile trans-bilayer mobility on the dissolution 
process, it is necessary to examine the solubilization of more complex membranes. For 
example, polymeric vesicles, or ‘polymersomes’, have been recently used to explore 
fundamental and technological issues relating to membrane self assembly and behavior 
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[20-27] as well as drug-delivery vehicles. These polymeric vesicles self-direct their 
assembly from hydrophilic: hydrophobic copolymers, commonly composed of water-
favoring poly (ethylene glycol) attached to hydrocarbon chains [22, 28, 29] of either poly 
(butadiene) or the saturated homolog poly (ethyl ethylene). Advantages of polymersomes, 
as compared to liposomes, include reduced leakiness, enhanced mechanical stability, and 
greater designability of bilayer characteristics such as thickness and chemical 
composition [21, 28, 30-32]. In particular, the originally described polymersomes with 8 
nm thick cores can sustain strains on the order of 20% before lysis, as opposed to a few 
percent for lipid bilayers.  This toughness arises despite area expansion and bending 
moduli that are similar to those of phospholipid vesicles such as SOPC (1-stearoyl-2-
oleoyl-phosphatidylcholine). The permeability of polymersomes to water is also several 
orders of magnitude lower than lipid vesicles. The polymer’s high molecular weight 
(when compared to lipids) thus imparts increased stability and strength to the membrane, 
and slows the kinetics of various processes, thereby allowing systematic studies [21, 22, 
24]. 
4.1.1 Motivation 
Phospholipids constitute the lipid skeleton of biomembranes and thus liposomes 
serve as the best example of model membranes as well as vesicle-based drug carriers. 
However, vesicle-based drug carriers can be made from materials that are biological as 
well as synthetic in nature. Polymeric vesicles, which constitute a class of vesicle-based 
drug carriers are composed of amphiphilic block copolymers that self-assemble in an 
aqueous media. These new materials are promising carriers for drug delivery. The bilayer 
thickness and the trans-bilayer mobility of these vesicles may be controlled through the 
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polymer molecular weight. Additionally, these membranes have demonstrated enhanced 
membrane rigidity and toughness (preferred for drug delivery) due to increased 
membrane thickness and it is speculated that it would be harder to break them down by 
surfactants.  
Systematic studies on the dissolution of polymeric vesicles by surfactants 
provides a judicious choice of methods to answer questions on the role of amphiphile 
trans-bilayer mobility on the dissolution process, as well as the stability of vesicle-based 
drug carriers to in vivo serum proteins (biosurfactants) which are amphiphilic in nature. 
Such a study also lays the foundation for experiments involving membrane dissolution 
for reconstitution of transmembrane proteins (typically achieved using surfactants) for 
functionalization of polymersomes for targeting purposes. To that end, we are 
specifically interested in the influence of the membrane thickness on the surfactant-
induced dissolution of these vesicles (Figure 4.2). 
4.1.2 Background 
To understand the mechanisms governing membrane dissolution, a number of 
studies have been devoted to the understanding of the interactions of surfactants with 
liposomes, which presents a good model for studying the solubilization of cell 
membranes [1-12]. Generally, it has been shown that the solubilization process proceeds 
through a three-stage procedure (Figure 4.3) with the characteristics of a phase transition 
[5, 6, 33-38]. In the first stage detergent is incorporated into the membrane, but the 
vesicle (or cell) remains intact. Once the surfactant concentration in the bilayer exceeds a 
critical value, mixed micelles containing membrane components and detergent detach. 
This process is associated with transbilayer transport (flip-flop) of lipids from the inner to 
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the outer membrane leaflet. The second stage therefore consists of detergent-saturated 
membranes coexisting with mixed micelles. In the last stage all membrane components 
are fully solubilized into mixed micelles. The type of the transition depends on the 
detergent type [2]: for non-ionic surfactants, bilayer composition reaches saturation and 
then remains constant during the dissolution into micelles, reminiscent of a second-order 
transition. In the case of ionic surfactants the bilayer disintegrates rapidly in a first-order 
like manner when the surfactant concentration reaches a critical value.  
From the wealth of literature available on liposome dissolution by surfactants, we 
see that the three-stage solubilization model successfully applies to non-ionic surfactant 
systems such as Triton X-100, octylglucoside and C12EO8 [2]. However, there is strong 
evidence that other pathways exist, depending on the state and nature of the detergent and 
the membrane. For example, the lipid membrane has been shown to have unexpected 
capabilities for topological transformations. A striking example is the study of Nomura et 
al. [37] where it was shown that lipid membranes interacting with surfactants exhibit a 
variety of phenomena, depending on the nature of the surfactant, such as intermittent 
quaking, inside-out inversion, opening up and bursting of the membrane. In addition to a 
multitude of possible mechanisms of liposome solubilization, a number of complex 
lipid/surfactant aggregates such as open bilayer fragments [9], disk-like intermediates in 
the form of equilibrated micelles or bilayer fragments [3, 7, 10], bilayer sheets and 
extended threadlike structures [5] are associated to the vesicle to micelle transformation. 
Other authors claim a more simplistic transition ruled by a slight increase in the size of 
vesicles and subsequent formation of mixed micelles [5]. Moreover, the three-stage 
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model is obviously inapplicable to systems where membrane component transport across 
the bilayer is suppressed. 
To investigate pathways for surfactant-induced membrane solubilization, we 
specifically focus here on the role of the amphiphile transbilayer mobility and its effect 
on the dissolution process. To that end, we utilize block copolymer vesicles where the 
bilayer thickness, and the transbilayer mobility, may be controlled through the polymer 
molecular weight. Our main emphasis is on the influence of the bilayer thickness on the 
dissolution process. 
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Figure 4.1 (a) Schematic of membrane solubilization by surfactants for the isolation 
of membrane proteins. (b) Incorporation of transmembrane proteins into 
synthetic drug-carrying vehicles such as vesicles. 
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Figure 4.2 Schematic of surfactant-induced dissolution of polymeric bilayers. 
Surfactants self-assemble to form micelles above the critical micelle 
concentration (CMC). 
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Figure 4.3 Mechanism of dissolution of lipid bilayer by surfactants: (a) incorporation 
of surfactant in the membrane, (b) relaxation of induced curvature by lipid 
flip-flop and (c) formation of lipid-surfactant mixed micelles. 
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4.2 Experimental Analysis 
To investigate the mechanism for surfactant-induced solubilization of polymeric 
bilayers, we examine the dissolution of a series of increasingly thick polymer-based 
vesicles by a non ionic surfactant, Triton X-100, using primarily dynamic light-scattering, 
a technique that has been widely utilized for the study of lipid bilayer solubilization by 
surfactants [11, 12, 39]. 
4.2.1 Materials 
Diblock copolymers were synthesized in the manner described in Hillmyer and 
Bates [29]. Table 4.1 shows three diblock copolymers synthesized by anionic 
polymerization with tight control over composition and molecular weight. The 
copolymers are nearly monodisperse based on measured ratios of weight-average (Mw) to 
number-average (Mn) molecular weights (Mw/Mn < 1.1)  [32]. 
 Phosphate-buffered saline (PBS), at a pH of 7.4 and concentration ~ 300 mOsm 
was prepared by dissolving PBS tablets from Sigma (St. Louis, MO) in deionized water. 
Triton X-100 was purchased from Sigma (St. Louis, MO) and used without further 
purification. 
4.2.2 Preparation of Polymer Vesicles 
Vesicles are prepared by film rehydration. Briefly, 100 µl of a 10 mg/ml polymer 
stock solution in chloroform is uniformly coated on the inside wall of a glass vial, 
followed by evaporation of the chloroform under vacuum for 3 h. Rehydration of the 
polymer film with 1 ml of an aqueous solvent (Sucrose or PBS at ~ 300 mOsm) led to 
spontaneous budding of vesicles off the glass wall into solution. Vesicle yield is further 
promoted by overnight incubation at 60 oC in an oven; higher temperatures are avoided 
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because PEO is subject to hydrolysis. In the case of giant vesicles, no further steps are 
taken. However, for studies using dynamic light scattering, monodisperse distributions of 
vesicle size to within 10-20% are obtained by 30 min of sonication in a water bath 
followed by three freeze-thaw cycles (liquid nitrogen at -77 oC; water bath at 37 oC) and 
several passes through a 10 ml thermobarrel extruder (Lipex Biomembranes, Inc.). The 
extruder is fitted with two 0.1 µm Poretics polycarbonate screen membranes (PCTE) 
(Osmonics, Inc.). 
4.2.3 Methods of Characterization 
In order to study the solubilization of polymersomes, a series of samples were 
prepared by homogeneously mixing Triton X-100 surfactant with polymer vesicles below 
and above the critical micelle concentration (CMC) of the surfactant (0.25 mM). The 
concentration of the surfactant ranges from 0.1 mM to 250 mM, and the polymer 
concentration is 1 mg/ml in all the samples. The samples are incubated for 10 minutes 
prior to measurement of intensity with dynamic light scattering technique. Solubilization 
studies were performed on three different types of polymeric vesicles that differ in the 
membrane thickness as shown in Table 4.1. 
4.2.3.1 Dynamic Light Scattering (DLS) Measurements 
The hydrodynamic radius of pure polymeric vesicles, pure Triton X-100 micelles 
and particles formed after mixing different concentrations of surfactant with 
polymersomes is determined by means of a dynamic light scattering (DLS) technique 
using a photon correlator spectrometer (DynaPro-LSR, ProteinSolutions, Lakewood, NJ). 
Quartz cuvettes were filled with 50 µl sample volume and all the experiments were 
thermostatically controlled at 23 oC. All the DLS measurements were made at a scattering 
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angle of 90o. The analysis of the data was performed using DYNAMICS software 
provided by ProteinSolutions. The results are given as hydrodynamic radii (HR) and the 
percentages correspond to intensity values. 
4.2.3.2 Microscopy 
Microscopy was performed with a Nikon TE-300 inverted microscope to study 
vesicle-surfactant dissolution dynamics. Imaging was generally done either with a 40x, 
0.75 NA air objective lens under bright-field illumination, or for phase imaging, a 20x, 
0.5 NA phase objective lens. Whereas bright-field microscopy enables visualization of 
the vesicle membrane, phase contrast is useful when a refractive difference is established 
between the interior and exterior solutions (e.g., sucrose inside and PBS outside). If a 
vesicle’s membrane loses its integrity, the resulting exchange of solutes will moderate 
any phase contrast.  
About 5 µl suspension of vesicles was sandwiched between two cover slips on a 
clean glass slide and surfactant solution was added to this suspension. Surfactant was 
then injected to reach the desired concentration. The effect of surfactant on the vesicle 
morphology was monitored through a 40x objective lens and recorded through a CCD 
video camera mounted on the front port of the microscope. 
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Table 4.1 Comparison of membrane thickness, L, and molecular weight of diblock 
copolymers used in the solubilization study: EO - Ethylene Oxide; EE - 
Ethyl Ethylene; BD – Butadiene; Mn - Number average molecular weight. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vesicle Name Formula L (nm) Mn (g/mole) 
OE7 EO40 – EE37 8.0 3900 
OB2 EO26 – BD46 9.6 3600 
OB18 EO82 – BD126 14.8 10400 
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4.3 Results 
In Figure 4.4 (a), we show the evolution of a (giant) polymersome as it dissolves 
by incorporating Triton X-100. After a short incubation time, a spherical polymersome 
(panel (a)) displays ‘fingering’ or puckering indicative of excess area and, possibly, area 
mismatch between the inner and outer bilayer leaflets. The puckered condition persists 
for a period of time until rupture takes place (as seen from loss of phase contrast). 
However, even after rupture segments of the polymer membrane can still be seen. Figure 
4.4 (b) shows the dissolution of a dumb-bell shaped polymersome through a slightly 
different behavior. After a short period of incubation, surfactant integrates into the 
membrane which displays membrane budding as well as elongation (growth of tubule 
like structures). This continues till the membrane loses phase density (by formation of 
pores because the membrane is still intact), and ultimately results in disintegration of the 
membrane. Segments of the polymer membrane can still be seen even after 
disintegration. This difference in behavior could be attributed to the different shapes of 
the vesicles (which have different curvatures), which influences its interactions with 
curvature-loving surfactants, that favor the formation of high-curvature aggregates such 
as micelles.  
To obtain quantitative data on the dissolution process, we used dynamic light-
scattering (DLS) on smaller (~ 100 nm) vesicles. The results from these studies are 
summarized below. 
4.3.1 Size Distribution of Vesicle-Surfactant Mixtures 
We obtained the hydrodynamic radius size distribution as a function of the 
surfactant concentration for each of the samples prepared. In Figure 4.5, we show the 
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distribution curves taken 10 min after the addition of surfactant, at a scattering angle of 
90o. The curve for pure polymeric vesicles (Cs=0) shows a distribution with a 
hydrodynamic radius (Rh) of order 70-110 nm, a value closely corresponding to our goal 
of 50 nm. In systems containing a low surfactant concentration (Cs=5 mM), we see a 
bimodal distribution of large polymersomes and surfactant micelles.  The latter are 
characterized by a peak at 4-10 nm, in agreement with previous observations of Triton X-
100 micelles [9, 40]. As the concentration of the surfactant increases a new peak in the 
size distribution curve is detected: we infer that this intermediate population corresponds 
to polymer-surfactant mixed micelles, since the Rh of this new species, 30-40 nm, is 
consistent with that of a mixed polymer-surfactant micelle (see Figure 4.6). Increasing 
surfactant concentrations above this critical value leads to a decrease in the polymersome 
intensity and a progressive rise in the intermediate population. Finally, as we exceed a 
second critical concentration, complete solubilization of vesicles is achieved (as 
evidenced by the disappearance of the vesicle peak) where we see pure surfactant 
micelles and a wide distribution of intermediate structures.  
4.3.2 Scattering Intensity of Polymersomes 
As shown in Figure 4.5, the solubilization of vesicles in polymersome/surfactant 
mixtures can be assessed through a decrease in the intensity of the polymersome peak. As 
the surfactant concentration is increased, more polymersomes are expected to solubilize 
and the scattering intensity of the polymer vesicles should therefore decrease. In Figure 
4.7 we plot the intensity of the polymersome peak, 10 min after the addition of surfactant, 
as a function of the Triton concentration, for all three systems examined (as described in 
Table 4.1). We see that the process may be divided into roughly three regimes: at low 
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surfactant concentrations (of order 2 mM or less) the polymersome peak remains 
unaffected. Comparison to Figure 4.5 shows that in this regime the polymersomes coexist 
with Triton X-100 micelles. As the Triton concentration increases above a given value a 
second regime is entered, where the peak intensity decreases with increasing surfactant 
concentration. This regime (see Figure 4.5) corresponds to the appearance and growth of 
mixed micelles. Finally, when the surfactant concentration increases further we enter the 
third regime where the polymersomes have disintegrated. In this regime, Triton micelles 
and mixed micelles coexist, possibly with membrane fragments (see Figure 4.4). 
4.3.3 Effect of Membrane Thickness on Solubilization 
As seen above from Figures 4.5 and 4.7, the process of polymersome 
solubilization may be characterized through two critical surfactant concentrations: the 
concentration at which mixed micelles appear, and/or the concentration at which 
complete dissolution takes place. Unfortunately, it is somewhat difficult to accurately 
determine these specific values. We therefore chose as a criterion the surfactant 
concentration required for a 50% attenuation in the intensity of the vesicle peak. This 
attenuation can be taken as an indication of 50% solubilization of the polymersomes. In 
Figure 4.8 we plot the value of the surfactant concentration required for 50% 
polymersome solubilization, C*, as a function of membrane thickness, L. We see that the 
surfactant concentration required to solubilize a fixed fraction of the vesicles increases, 
nearly linearly with membrane thickness. This tells us that the membrane imposes 
resistance to dissolution by surfactants, making it harder to solubilize thicker membranes.  
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Figure 4.4 Solubilization of giant (EO82 – BD126) vesicles using Triton X-100. The 
polymer concentration is 0.1 mg/ml and Triton X-100 concentration is 
12.5 mM. The numbers denote the time passed, in seconds, since the 
addition of the surfactant. Scale bar is 6 µm. (a) We see that before the 
addition of surfactant (t=0) the polymersome is spherical. Upon the 
addition of surfactant, ‘fingering’ develops, indicating the creation of 
excess area. However, the polymersome remains intact until t≈10 sec, 
where rupture takes place (indicated by loss of phase contrast that 
corresponds to sucrose leakage from the interior). It is interesting to note 
that even after rupture segments of the polymeric bilayer persist, taking 
longer to disintegrate. (b) Before the addition of surfactant, the 
polymersome is intact. After a short period of incubation with surfactant, 
we see membrane budding as well as elongation. The membrane remains 
intact till loss of phase-contrast at t≈70 sec, after which the membrane 
disintegrates. Segments of the polymer membrane still persist after 
disintegration. 
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Figure 4.5 (continued) 
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Figure 4.5 The effect of surfactant concentration Cs on the dynamic light scattering 
(DLS) data: hydrodynamic radius vs. intensity (%) for OB18 
polymersomes and Triton X-100 mixtures, collected 10 minutes after the 
addition of surfactant. We see that when no surfactant is present the 
solution contains only polymersomes with hydrodynamic radii of order 
70-110 nm. At low surfactant concentrations (in this case, Cs=5 mM) there 
is coexistence between polymersomes and surfactant micelles, whose 
hydrodynamic radii is of order 5-10 nm43. Increasing the surfactant 
concentration leads to the appearance of a new particle population, 
characterized by intermediate radii of order 40 nm. We take these to be 
mixed polymer-surfactant micelles. At very high surfactant concentrations 
(250 mM) we find only surfactant micelles and a range of mixed micelles. 
Note that the Rh axis is not linear. 
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Figure 4.6 Cryo-TEM micrographs of (a) vesicles formed by OE7 (PEO40 – PEE37) at 
1% in water and of (b) vesicle-surfactant mixtures (OE7 with 10 mM 
Triton X-100) 10 min after incubation. The solid arrow points to polymer 
vesicles, the broken black arrow to mixed polymer-surfactant micelles and 
the broken white arrow to pure surfactant micelles. The mixed micelles 
have a diameter ~ 45 nm (courtesy of Dr. Dganit Danino, Technion, 
Israel). 
 
 
 
 
100 nm
50 nm
(a)
(b)
 53
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 The changes in the scattering intensity of polymeric vesicles as a function 
of surfactant concentration for OEX (◊), OB2 (∆) and OB18 (ٱ). We see 
three different regimes: when the surfactant concentration is low, the 
polymersome intensity remains constant. With increasing surfactant 
concentration, the polymersome peak intensity decreases until it reaches 
zero.  
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Figure 4.8 Critical surfactant concentration, C* (concentration required for 50% 
attenuation of vesicle intensity, from Figure 4.7), as a function of 
membrane thickness, L. The concentration of polymer in the system, Cp = 
1 mg/ml and time, t = 600 sec for all systems. () denotes data for 
liposomes, taken from [39]. 
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4.4 Discussion 
We investigate here the dissolution of (uncharged) polymeric vesicles by non-
ionic surfactants. We find that at short periods of time and/or surfactant concentrations 
(see Figures 4.4-4.7) the polymersomes coexist with surfactant micelles, although they 
display an increase in surface area (‘puckering’). Above a critical surfactant 
concentration, the polymersomes start to disintegrate, and a population of mixed 
polymer-surfactant micelles appears. At higher surfactant concentrations, all 
polymersomes have dissolved and we see only mixed micelles coexisting with surfactant 
micelles and, possibly, membrane fragments. 
 As mentioned earlier, lipid-based vesicles dissolve through adsorption and 
incorporation of surfactant into the external leaf of the bilayer, followed by ejection of 
mixed lipid-surfactant micelles [8] (see Figure 4.3). The ‘loss’ of lipids from the outer 
membrane leaflet leads to an area asymmetry between the inner and the outer leaflets, 
which is relieved by the migration of lipids from the inner to the outer monolayer, i.e. 
‘flip-flop’. It should be noted that although lipid ‘flip-flop’ is often actively suppressed in 
cell membranes, it can be quite significant in equilibrium systems [41, 42]. In the case of 
polymeric bilayers, the polymer chains in the bilayer are stretched due to crowding at the 
hydrophobic/hydrophilic interface [43]. This crowding can be relieved by the 
incorporation of surfactant molecules, a driving force that is stronger than the simple 
mixing entropy dominating the interactions between non-ionic surfactants and uncharged 
lipid bilayers.  
Lipids are nature’s own vesicle-forming amphiphiles that self-assemble into semi 
permeable vesicles in aqueous solutions. The thickness of natural membranes lies in a 
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very narrow range of 3-4 nm. However, synthetically derived block copolymer molecules 
that are amphiphilic in nature, self-assemble to form vesicles, and are characteristic of a 
thicker, more cohesive and stable, robust hydrophobic core. From our analysis so far, we 
clearly demonstrate that thicker membranes are harder to solubilize, and require higher 
surfactant concentrations to achieve the same degree of solubilization (see Figure 4.8). 
How then does this enhanced membrane thickness, a function of the polymer molecular 
weight, govern the mechanism of dissolution of polymeric bilayers? 
4.4.1 Mechanism of Dissolution 
The stages of polymersome dissolution can be summarized as follows (see Figure 
4.9): as surfactant molecules are incorporated into the outer leaflet of the polymeric 
bilayer, an area imbalance between the outer and inner leaflets evolves. This imbalance 
may be relieved by either (1) flip-flop of the polymer chains from the inner to the outer 
leaflet, (2) detachment of polymer-surfactant micelles from the outer leaflet, and/or (3) 
diffusion of the surfactant molecules, through the hydrophobic core, from the outer to 
inner leaflet, followed by micelle detachment from both leaflets. The first option is 
suppressed because flip-flop of polymeric chains between the leaflets requires diffusion 
of copolymer chains through the hydrophobic membrane core. As shown by Hamersky, 
et al., [44, 45] the diffusion of a diblock copolymer through lamellar domains (i.e., in the 
perpendicular direction) is largely suppressed. Such a diffusion would result in huge 
energetic penalties due to the unfavorable contacts of the hydrophilic polymer moieties 
with the hydrophobic core. To examine the other two possibilities and to aid in 
understanding and interpreting the experimental results, we develop a theoretical model. 
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4.4.2 Model 
Let us first examine the second possibility: ejection of mixed polymer-surfactant 
micelles requires that the concentration of surfactant in the outer membrane exceed a 
critical value, which is set by the mixed polymer-surfactant micelle composition. In the 
case of pure block copolymer micelles, the aggregation number is set by a balance 
between the hydrophilic block stretching energy and the interfacial tension between the 
hydrophobic and hydrophilic regions [43]: the former favors a low aggregation number, 
while the latter drives for larger aggregates. In the case of the polymer-surfactant 
micelles, the surfactant reduces the interfacial tension in a manner similar to that of 
amphiphiles stabilizing oil droplets in aqueous solutions [46, 47]. Thus, when the 
surfactant is in excess, we may assume that the mixed polymer-surfactant micelles 
contain only a few polymer chains so as to minimize hydrophilic chain stretching. The 
micelle core is thus composed of collapsed hydrophobic blocks stabilized by a monolayer 
of surfactant. This assumption is largely consistent with the hydrodynamic radius (Rh) 
values we obtain for the mixed structures. 
 Consider, then, a solution of a diblock copolymer whose overall molecular weight 
is N and its concentration is Cp (weight/vol). We define the diblock composition through 
the molecular weight fraction of the hydrophobic block yc. The mixed polymer-surfactant 
micelle core radius is set by the volume of the collapsed polymer hydrophobic blocks: R~ 
a f1/3 (ycN)1/3, where a is a segment size and f the aggregation number. The number of 
surfactant molecules required to stabilize a droplet of radius R is given by R2/Σ, where Σ 
is the interfacial area per surfactant molecule and is assumed, for simplicity, to be 
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independent of curvature [48]. Thus, to solubilize a given number of polymer chains we 
need a surfactant concentration of 
3/1
3/1
3/23/22
* ~
)/( −
Σ= Nf
NyNCa
C cps   (4.1) 
 Thus, for copolymers of similar asymmetry (yc fixed), aggregation numbers (f) 
and polymer concentration Cp, the surfactant concentration required for solubilization 
scales as N-1/3. This trend does not agree, even qualitatively, with our data where the 
concentration required for polymersome dissolution increases, more or less linearly with 
chain length (see Figure 4.8), recalling that the core thickness L scales with N. Thus, it is 
likely that the second possibility does not occur. 
 Let us then examine the third mechanism, whereby polymersome dissolution is 
dominated by surfactant transport from the outer to inner leaflet. We therefore need to 
calculate the surfactant flux and concentration in the interior leaflet of the membrane as a 
function of the bilayer thickness and the surfactant concentration in solution. Assume a 
simple diffusion model of the form  
2
2
x
CD
t
C ss
∂
∂=∂
∂
  (4.2) 
where t – time, D – diffusivity of surfactant across the membrane and x – distance from 
the outer leaflet of the membrane (see Figure 4.10). Solving the above equation 
(assuming surfactant accumulation in the inner leaflet) we obtain the following 
expression for the surfactant concentration in the inner leaflet: 
[ ])4/exp(1)( 220 LDtHCLCs π−−=   (4.3) 
where L is the membrane thickness and Co is the surfactant concentration in solution. H is 
the partition coefficient for the surfactant between water and the bilayer; in our 
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discussions we will take it to be of order unity*. In Figure 4.11, we plot the concentration 
of surfactant at the inner leaflet of the membrane as a function of membrane thickness. 
We see that, for a given concentration of the surfactant in solution, C0, the amount of 
surfactant that accumulates at the inner leaflet of the membrane, after a fixed period of 
time, decreases with membrane thickness. In this scenario, polymersome dissolution will 
take place when the surfactant concentration in the inner leaflet reaches the critical 
concentration required to form mixed micelles calculated in Eqn. 4.1. Using the 
relationship between the polymer molecular weight and the core thickness [47], L ~ 
a(ycN)2/3, we can determine the surfactant concentration in solution necessary to obtain 
Cs* in the inner leaflet as: 
[ ])4/exp(1 223/12/1
2/5
*
0 LDtfL
yCa
C cp π−−Σ=   (4.4) 
so that, in this model, solubilization of all polymersomes (at a fixed time t) will be 
obtained when the surfactant concentration C0 is given by C0*.  
4.4.3 Model Validation 
How do the model predictions compare with the experimental data? Examining 
Eqn. 4.4, we see that C0* is a function of only two unknown lumped parameters: 
(a5/2yc/Σf1/3) and (π2Dt). Assuming that the fraction of dissolved polymersomes p is set by 
a simple proportionality, p ≈ C0 / C0*, we plot the data obtained for the fraction of 
dissolved polymersomes (p) as a function of the core thickness L, and as a function of the 
surfactant concentration in solution C0 (Figure 4.12). The experimental data points for the 
                                                 
* It is quite clear that H is much smaller than unity; partitioning of the surfactant into the bilayer core is 
hindered by the unfavorable interactions between the surfactant hydrophilic head and the bilayer 
hydrophobic core. However, as will be shown below, assuming H=1 allows us to fit the data successfully 
but yields a somewhat unreasonable value for the surfactant diffusion coefficient D. 
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fraction of vesicles solubilized are obtained from the DLS analysis of the vesicle intensity 
(Figure 4.7). We see that, for a given surfactant concentration, the fraction of 
polymersomes dissolved (after a set t=10 min) decreases mildly with L. For a given layer 
thickness, the fraction of dissolved polymersomes increases monotonically with C0. 
Using Eqn. 4.4 and a two-parameter fit for p we see a very good agreement between the 
model predictions and the experimental data (Figure 4.12). Note that this fit is quite 
stringent; it implies that the surfactant diffusion rate through the two types of copolymers 
is similar, and that the mixed micelle aggregation number is insensitive to the polymer 
molecular weight. Thus, fitting 12 data points with only 2 parameters is a significant 
validation of the model. 
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Figure 4.9 (continued) 
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Figure 4.9 Schematic of surfactant induced dissolution of polymeric bilayers. 
Surfactant integration into the membrane induces curvature leading to an 
area imbalance between inner and outer leaflets, which can be relieved by 
either flip-flop of polymer from inner to outer leaflet, surfactant diffusion 
across membrane or detachment of polymer-surfactant micelles from outer 
leaflet.       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 A simple diffusion model for surfactant concentration across membrane. L 
is the membrane thickness, Co is the concentration of surfactant in 
solution, Cs is the concentration of the surfactant across the membrane and 
x is the distance from the outer leaflet of the membrane. 
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Figure 4.11 Profile for the concentration of surfactant at inner leaflet of the membrane, 
as a function of membrane thickness (Eqn. 4.3). (π2Dt)≈150 and L is taken 
to be in nm. 
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Figure 4.12 The fraction of polymersomes solubilized as a function of membrane 
thickness, L (a) and the surfactant concentration C0 (b). The data points 
correspond to experimental values and dotted lines are the model 
predictions, obtained through a two parameter fit of Eqn. 4.4 to the OB2 
data: (a5/2 yc/Σf1/3)≈40 , (π2Dt)≈150  and taking L to be in nm.  
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4.5 Scope and Significance 
Incorporation of surfactants and proteins into membranes is of interest for several 
reasons: (a) First, it provides perspective on the mechanisms by which surfactant-like 
proteins alter cell membranes (b) Second, since vesicle-based drug carriers have found 
use in targeted drug delivery and gene therapy, it is important to understand how 
amphiphilic molecules, especially those occurring in the body, interact with these carriers 
and (c) Exposure of drug-loaded vesicles to surfactants may alter their permeability, 
affording precise control over the release of vesicle contents, useful for applications such 
as controlled-release drug delivery. 
 Polymeric materials provide an important avenue for research in the field of drug 
delivery, primarily because of their relative ease of processing and our ability to tune 
their properties. The experimental and theoretical analysis presented here provides a 
combined understanding of the interactions of surfactants with polymeric vesicles 
(polymersomes), which are gaining interest in drug delivery applications. Amphiphilic 
block copolymers offer a greater flexibility to tune the membrane properties of vesicle- 
based drug carriers, such as the membrane thickness, which imposes a diffusion barrier, 
and is a critical determinant of vesicle stability, drug permeability and controlled drug 
release. Thus, developing a comprehensive understanding of the system parameters that 
affect the structure and performance of such drug carriers will enable the design of 
efficient carriers. 
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4.6 Conclusions 
Exploring the solubilization of polymeric bilayers by a non ionic surfactant, 
Triton X-100, it appears that polymer membranes tolerate a maximum surfactant 
concentration, beyond which vesicle lysis occurs. This maximum concentration tolerated 
by the membrane is well above the surfactant CMC. The concentration of surfactant 
required for vesicle solubilization increases, nearly linearly with membrane thickness. 
Thus, thicker membranes impart greater resistance to dissolution by surfactants and are 
harder to solubilize. Analysis of our experimental as well as theoretical results clearly 
shows that the dominant mechanism for the surfactant-induced dissolution of polymeric 
vesicles is the surfactant transport through the polymeric bilayer. This mechanism is 
different, both qualitatively and quantitatively, from the mechanisms by which 
surfactants dissolve lipid-based vesicles, and arises from the suppression of polymer flip-
flop from the inner to the outer membrane leaflet. We conclude that polymeric bilayers 
cannot be treated as ‘thicker lipid bilayers’, but display unique features arising from their 
polymeric nature that are more typical of large glycolipids or membrane proteins. 
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CHAPTER 5: PROTEIN INCORPORATION IN POLYMER VESICLES 
 
5.1 Introduction 
Successful drug therapies require a combination of effective drugs with a reliable 
delivery mechanism. The unique structure of vesicles, namely, an aqueous core protected 
from the environment by a relatively impermeable amphiphile bilayer, makes them an 
ideal candidate for the delivery of hydrophilic drugs. Moreover, the vesicle membrane 
offers a suitable vehicle for the formulation of water insoluble, hydrophobic drugs. 
Vesicles may also be modified through the attachment of functional groups, thereby 
allowing targeting of specific cell populations or tissues. Targeted delivery is essential for 
several types of therapies, since it increases the efficiency and effectiveness of the drug 
while reducing side effects due to drug interactions with other (healthy) cell populations. 
One such example is in cancer treatment, where targeted delivery of anti-cancer agents 
into tumor sites will increase efficacy and reduce toxicity to non-malignant cells.  
         One of the main obstacles facing drug delivery via nanoparticles such as vesicles 
is their rapid clearance from circulation in vivo. For example, the adsorption of 
immunoproteins such as immunoglobulins onto the surface of lipid vesicles (liposomes) 
enables their recognition by reticuloendothelial cells which mediate the clearance process 
[1] (Figure 5.1). However, the incorporation of lipids attached to polyethylene glycol 
(PEG) chains into the liposomes (i.e. ‘stealth liposomes’) has been found to increase the 
circulation time of conventional liposomes. Steric stabilization of these long-circulating 
liposomes is known to result from the local surface concentration of highly hydrated PEG 
groups that create a barrier against interactions with molecular and cellular components 
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in the biological environment (Figure 5.2). This results in slower kinetics of protein 
adsorption and enhanced circulation times [2-5]. Yet, PEG-lipid tends to be micelle 
forming, and liposomes cannot, as a rule, stably incorporate more than 10-20% PEG 
chains [6, 7]. 
 The limitations of conventional liposomes and stealth liposomes led to the advent 
of polymeric vesicles, also known as ‘polymersomes’, which opened up a realm of new 
therapeutic opportunities. Over the past few years, there has been an intense focus on 
polymeric vesicles, composed of hydrophobic-hydrophilic diblock copolymers, as drug 
delivery vehicles [8-14]. The advantages of these polymersomes, as compared to 
liposomes, include enhanced mechanical stability and greater flexibility to tailor bilayer 
characteristics such as thickness and chemical composition [9, 15-17]. Owing to 
enhanced membrane thickness (8-25 nm depending on molecular weight), copolymer 
vesicles have already proven far more robust under strain and less permeable to water [9]. 
Moreover, based on observations made for lipid bilayers carrying PEG chains (‘stealth 
liposomes’), where the polymer was shown to slow the kinetics of protein adsorption [18-
25], it has been speculated that protein (and ligand) interactions with the polymeric 
bilayers will greatly differ from their interactions with lipid ones, thereby affecting drug 
delivery characteristics such as circulation time in vivo. 
5.1.1 Motivation 
Research in drug delivery is constantly looking for new methods of effectively 
delivering drugs to their target sites. This includes designing novel and efficient drug 
carriers as well. Polymeric materials provide an important avenue for research in this 
field, primarily because of their relative ease of processing and our ability to tune their 
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properties. Examining the effect of polymer characteristics on protein adsorption into 
purely polymeric bilayers will lead to a better understanding of the performance of 
polymeric vesicles as drug carriers. The knowledge gained from such studies can be used 
to design polymeric carriers with desired delivery characteristics. 
 Why should the incorporation of transmembrane proteins in polymeric bilayers 
differ from their incorporation in lipid, or polymer-carrying lipid, bilayers? Nature has 
engineered the dimensions of transmembrane proteins to match the core thickness of the 
lipid bilayers, i.e. of order 4 nm. As a result, the presence of transmembrane proteins does 
not significantly perturb the hydrophobic lipid bilayer core, whether hydrophilic polymer 
chains are attached or not. The observed inhibition of protein adsorption onto ‘stealth 
liposomes’ is due to a polymer-induced slowing of the adsorption kinetics. Polymeric 
bilayers are expected to display a similar slowdown of adsorption kinetics because of the 
presence of a hydrophilic block in these systems. On the other hand, the thickness of 
polymeric bilayers is several times that of lipid ones (Figure 5.3) [14], so that 
transmembrane proteins may deform the bilayer significantly. The energetic penalty 
arising from this deformation is expected to significantly reduce the equilibrium 
concentration of transmembrane proteins in the bilayer, thus affecting their utilization in 
vivo. 
5.1.2 Background 
Proteins are the active components of biomembranes and their incorporation in 
synthetic bilayer membranes is a dominant issue in the design and utilization of vesicle-
based drug carriers. Several studies examined the incorporation of proteins or large 
molecules into lipid bilayers [26-29]. Inclusion of proteins in synthetic membranes 
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imparts favorable, or unfavorable, functionalization. For example, the adsorption of 
immunoproteins (e.g. immunoglobulins) is unfavorable and must be suppressed, since 
they enable recognition by reticuloendothelial cells which mediate the clearance process 
[30, 31]. On the other hand, the stable incorporation of polyethylene-glycol (PEG) 
carrying lipids is favored, since it has been shown to greatly enhance their efficacy [5]. 
Similarly, chemical functionalization (for targeted delivery where the drug is delivered to 
a specific tissue or cell type) requires stable incorporation of ligand-carrying molecules. 
 Theoretical analysis of protein or large molecule incorporation in self-assembled 
lipid bilayers has shown that the inclusions perturb the local bilayer structure, thereby 
giving rise to an energetic penalty whose magnitude depends on the induced deformation, 
as well as on the bilayer stiffness and curvature moduli [32-40]. The interactions between 
membrane inclusions, their arrangement (aggregation/dispersion) and functions have 
been linked to the membrane properties [41]. For example, Keller et al. [42] and Chen et 
al. [43] found that transport through alamethicin ion channels is significantly affected by 
the bilayer composition. The equilibrium concentration of inclusions in the membrane 
also depends on the inclusion properties. Also, the chain length of polyethylene glycol 
(PEG) has been found to significantly affect the saturation concentration of PEG – lipids 
in lipid bilayers [6, 44, 45]. However, to date, little is known regarding the adsorption of 
proteins into purely polymeric bilayers. 
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Figure 5.1 Schematic representation of the clearance path of a drug carrier (such as 
liposome) by plasma protein adsorption which enables recognition by 
reticuloendothelial cells. 
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Figure 5.2 PEG brush on ‘stealth liposomes’ creates a steric barrier that slows 
kinetics of protein adsorption. 
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Figure 5.3 Comparison of the hydrophobic membrane thickness (L) of lipid vesicles 
(liposomes), PEG-incorporated lipid vesicles (‘stealth liposomes’) and 
polymeric vesicles with PEG as a hydrophilic brush (polymersomes). 
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5.2 Model 
We develop a model for transmembrane protein adsorption into polymeric 
bilayers composed of symmetric diblock copolymers, as a function of the polymer chain 
length and the protein dimensions. In the dilute limit, where the concentration of 
transmembrane proteins embedded in the polymeric membrane is low, direct interactions 
between the proteins may be neglected. The fraction of proteins in the membrane depends 
both on protein hydrophobicity (equivalent to the ‘bare’ surface adsorption energy) and 
on membrane-protein coupling. The latter arises from the protein-imposed perturbation of 
the local membrane structure, due to the thickness mismatch between the hydrophobic 
protein regions and the unperturbed membrane. 
Consider a membrane section containing a protein (Figure 5.4). The coupling 
between the hydrophobic protein core and the bilayer can be translated into a geometrical 
boundary condition for the perturbation on the bilayer thickness at the protein/bilayer 
boundary. For simplicity, we assume the protein width to be relatively large, thereby 
allowing us to apply a one dimensional analysis: although this assumption is obviously 
unrealistic, previous analysis has shown that the one dimensional model yields 
qualitatively and quantitatively similar results to that of the two dimensional one in 
liposome-protein systems [35]. By symmetry, the two monolayers constituting the bilayer 
are equivalent, so that we may limit our analysis to one monolayer. Also, we assume that 
the system contains only one type of polymer, and no co-surfactants. The polymer is 
taken to be symmetric, so that the number and length of the hydrophilic segments is 
identical to that of the hydrophobic ones thereby allowing us to assume the spontaneous 
curvature is zero [46]. While this is a clearly idealized case, it captures all the significant 
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features of diblock copolymer assemblies [47] and is not expected to affect, qualitatively, 
transmembrane protein incorporation [33]. 
The free energy of a protein embedded in a membrane has two contributions. The 
first one is associated with the transition of the protein from the aqueous to the membrane 
environment, similar to the local, chemical adsorption energy of a molecule on a solid 
surface. It is a function of the inclusion hydrophobicity and possible changes in inclusion 
conformation in the membrane environment.  The second contribution arises from the 
membrane-protein coupling. When a molecule adsorbs on a solid surface, the surface 
structure remains, to a large extent, unchanged. However, the membrane is a self-
assembled structure, so that the membrane deformation and subsequent energy gain or 
loss due to the protein-induced deformation must be taken into account. 
The equilibrium bilayer is locally flat and is composed of two identical 
monolayers characterized by a thickness mL  which is coupled to a surface density of 0Σ  
(area per molecule) through an equation of state. In this analysis we take this equation of 
state to be the condition of incompressibility of the hydrophobic copolymer, so 
that 00 NvLm =Σ , where 0v  is a segment volume and N  is the number of segments. The 
energy per protein (per unit width) is then given by 
Mpd FLF +−= γ   (5.1) 
where γ  is the ‘surface tension’ of the protein hydrophobic region, describing the energy 
difference (per unit area) between the protein in solution and embedded in the bilayer. 
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pL  is the protein height, and MF  is the protein-induced membrane perturbation energy, 
given by [32]* 
dz
dz
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dz
dLB
L
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2
2
2
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'2 )( κκν   (5.2) 
This energy is a function of the local deformation of the membrane, which is 
characterized by a dimensionless change in its thickness, relative to the equilibrium 
thickness. The deformation is defined by mm LLzLz ))(()( −=∆ , where )(zL  is the local 
thickness of the perturbed monolayer and z the distance from the protein boundary. 0∆  
defines the perturbation at the protein boundary and is equal to the normalized difference 
between the protein and bilayer thickness. ν  is the volume of the hydrophobic block, 
given by 0Nv . B  is the monolayer compressibility, namely, the energetic cost associated 
with perturbation of the area per chain from 0Σ . Each monolayer is assumed to bend with 
the same sign of the curvature, in distinction to the usual bending modes of a bilayer 
where the two monolayers have nearly equal and opposite curvatures.  The monolayer 
spontaneous curvature, κ , determines the sign and magnitude of the free interface 
curvature of the monolayer at a water-oil  interface. The change in spontaneous curvature 
as a function of density is given by Σ∂∂= κκ ' , evaluated at the equilibrium bilayer 
surface density 0Σ . K  is the bending modulus, i.e., the energetic penalty for bending the 
monolayer. All energies are given in units of kT, where k is the Boltzmann constant and T 
the temperature, and all length scales are dimensionless, normalized by mL . 
                                                 
* Refer to Appendix A for a detailed derivation of this equation. 
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In the case of symmetrical copolymers, the spontaneous curvature and its 
derivative are zero. B  and K  are related to the copolymer chain length through the 
relationship [32, 48] 
3/13/2
2
2
2
0 32
3
0
NFB γπ=Σ∂
∂Σ≡
Σ
  (5.3a) 
324
512
3 NaK γπ=    (5.3b) 
where N  is the number of segments in each block, a  is the segment length, γ  is the 
surface tension between the hydrophilic and hydrophobic regions (assumed to be similar 
in magnitude to the surface tension between the protein hydrophobic region and the 
solution, given in Eqn. 5.1) and 0Σ  is the equilibrium surface density. Here we adapt the 
original Milner and Witten [48] analysis (developed for polymer chains that are end-
grafted at a fixed density  to a solid  substrate in the melt state, and assuming that the 
grafting density is in the relatively high ‘brush’ regime) to the polymersomes’ self 
assembled system. Briefly, using scaling terminology, this is done by considering the free 
energy of a symmetrical, flat bilayer interface which can be written as 22 Σ+Σ Nγ . The 
first term accounts for the interfacial tension, the second for the polymer stretching 
energy. Minimization of this energy with respect to Σ  will yield the optimal surface area 
per chain, 3/10 )(~ γNΣ . The layer thickness scales as 3/23/1~ NaLm γ and the free 
energy as 3/13/20 ~ NγγΣ .  
One might wonder if the Milner and Witten modified model works for polymeric 
bilayers. To answer this, we look into the data of Bermudez et al. [14] who examined the 
moduli of polymeric bilayers. They find that the force (or tension) per unit area, required 
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to perturb a polymeric bilayer from its equilibrium value is proportional to the surface 
tension, and is independent of polymer chain length. This is in agreement with our 
discussion above, where the energy per unit area is predicted to scale as 00 )( ΣΣ−Σγ . 
Moreover, they find that the hydrophobic core thickness scales as the chain length to a 
power of order 1/2 (although a fit of a 2/3 power works quite well too), in general 
agreement with the model predictions.  
To calculate the protein-induced bilayer perturbation energy and perturbation 
profile, the free energy (Eqn. 5.2) must be minimized consistently. Boundary conditions 
for the system are: 
0)0( ∆==∆ z    (5.4a) 
( ) 0=∆ ∞→zdzd   (5.4b) 
( ) 02
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These include a thickness match at the protein boundary (Eqn. 5.4a) and that the 
perturbation decays to zero at large distances from the protein (Eqn. 5.4b). The other two 
boundary conditions are the ‘natural ones’ [49], ensuring that the profile found indeed 
minimizes the system free energy (Eqn. 5.4c and 5.4d)*. 
 It should be emphasized that we focus here on symmetric copolymer systems and 
cylindrical inclusions, so that the contact angle, or curvature, at the interface between the 
inclusion and the bilayer are free to adjust to minimize the free energy [50]. Obviously, 
incorporation of non-cylindrical proteins will result in a boundary condition fixed by the 
                                                 
* Refer to Appendix A for derivation of these two boundary conditions. 
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protein shape and lead to an increase in the system free energy. However, as shown by 
Dan and Safran [51], the qualitative behavior is unaffected by consideration of this added 
constraint.  
5.2.1 Limitations of the Model 
The model presented here is based on several simplifying assumptions. The first 
one regards the (a) symmetry of the copolymer. Most diblock copolymers are not 
symmetric, so that the membrane perturbation energy (Eqn. 5.2) includes a spontaneous 
curvature term. However, previous studies [32, 33, 52] have shown that accounting for 
the bilayer spontaneous curvature plays a significant role when examining 
transmembrane proteins whose thickness matches that of the bilayer, but is overwhelmed 
by the thickness mismatch in cases where that applies. Therefore, accounting for the 
copolymer asymmetry (in either molecular weight or segment size) and bilayer 
spontaneous curvature would not affect the qualitative findings presented here. Our 
second simplifying assumption regards (b) polymer polydispersity. Although the large 
majority of models analyzing polymeric self-assembly neglect the effect of polydispersity 
[46-48], the only synthetic polymers that are truly monodisperse are those synthesized 
using biological methods [53]. In diblock copolymers polydispersity may be manifested 
through a molecular weight distribution and/or a composition distribution. 
How would polydispersity affect our results? In general, entropy should drive 
different chains to mix uniformly. However, the perturbation induced by embedded 
protein is likely to lead to local segregation, where shorter chains that match the protein 
dimensions more closely would concentrate in the region adjacent to the protein 
boundary. This segregation should not affect the basis of our analysis, but the difference 
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between the ‘real’ thickness mismatch in polydisperse systems and the ‘nominal’ one is 
expected to lead to even easier protein incorporation than what we predict here. 
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Figure 5.4 Conformation of polymer chains near an inclusion in a polymeric bilayer: 
mL2  - thickness of a flat bilayer, pL2  - inclusion thickness and z is the 
distance from the inclusion boundary. The chains in the unperturbed 
bilayer are highly stretched ( 3/2~ aNLm , where N is the number of 
segments and a is the segment length). As a result, the requirement to 
match the thickness of much shorter proteins can be achieved without 
undergoing significant compression when compared to the free chain 
radius of gyration. 
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5.3 Results 
Solving the above equations subject to the governing boundary conditions yields 
expressions for the membrane perturbation profile and free energy penalty induced upon 
incorporation of transmembrane proteins in the polymer bilayer.  
5.3.1 Membrane Perturbation Profile 
The perturbation profile obtained by minimization of the free energy (Eqn. 5.2) 
has the form 
)exp()exp()exp()exp()( 4/12/14
4/12/1
3
4/12/3
2
4/12/3
1 zAiazAiazAiazAiaz +−++−=∆ (5.5) 
where 2/1)1(−=i  and KBA = . The value of A  defines the characteristic bilayer 
perturbation length. Thus, the perturbation length in this system is determined by the ratio 
between the bending modulus, K , and the compressibility, B . In general, when A  is 
large, perturbations extend over large distances (compared to the bilayer thickness). 
When the bending rigidity is high, perturbations decay quickly with distance from the 
inclusion boundary. However, in the polymeric bilayer B  and K  are coupled to the 
chain length (see Eqn. 5.3) so that 4/1A varies as 3/2−N [32, 47, 48]. 
 The coefficients )41:( →ja j are determined using the four boundary conditions 
given by Eqn. 5.4. This yields for the equilibrium perturbation profile 
( ) )2()2exp(
2
)exp()exp(
2
)( 2/14/12/14/104/12/14/12/30 zACoszAzAizAiz −∆=−+∆≡∆ (5.6) 
Since both roots are complex numbers, the bilayer thickness does not decay as a simple 
exponential with distance from the protein, but has an oscillating component 
superimposed. In Figure 5.5 we plot the bilayer thickness profile for three membrane to 
protein thickness ratios. We see that, indeed, for all three cases the deformation profile 
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does not simply decay as a function of distance from the protein boundary. The 
oscillations become more pronounced with increased thickness mismatch. The range of 
the profile perturbation scales roughly as four times the bilayer thickness. Thus, in lipid 
bilayers where mL  is small (of order 2 nm), the perturbation decays rapidly. However, in 
polymeric bilayers where the bilayer thickness may be much larger [12, 14, 54], the 
perturbation may extend to distances of order 25-30 nm. 
5.3.2 Membrane Deformation Energy 
Substituting the perturbation profile, Eqn. 5.6, into the expression for the 
deformation energy yields the energy penalty incurred through protein incorporation into 
the bilayer 
4/12/1
2
0
2 A
BLF mM ν
∆=   (5.7) 
Recall that for a symmetrical copolymer, B , K  and A  are given by Eqn. 5.3 and the 
thickness of the self assembled layer mL  scales as 
3/2aN [47]. Using these relations, we 
can express the deformation energy as a function of protein width and polymer chain 
length. This yields 
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In Figure 5.6, we plot the perturbation energy, MF , as a function of the polymer 
molecular weight, N, for several protein dimensions. As expected, the energy is minimal, 
for any given protein, at a finite chain length, N*. This corresponds to the case 
where 00 =∆ , namely, there is no thickness mismatch between the membrane and the 
protein’s hydrophobic region. It is interesting to note that although we use a linear 
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perturbation model, the energy is asymmetrical, increasing more sharply for ‘stretched’ 
bilayers where N < N* than for compressed ones where N > N*. 
5.3.3 Overall Perturbation Energy 
The bilayer perturbation energy defines the membrane resistance to protein 
incorporation; however, transmembrane proteins are driven into the bilayer by the 
unfavorable interactions between their hydrophobic regions and the aqueous solution. 
Thus, the net energy gain due to protein incorporation in the bilayer (per unit width) is 
given by Eqn. 5.1, namely Mpd FLF +−= γ .  It is interesting to examine the distribution 
of protein incorporation into a given bilayer, as a function of the protein size. In this case, 
both the perturbation energy and the energetic gain vary as a function of protein 
dimensions. In Figure 5.7 we plot the different contributions and the difference between 
them as a function of the protein thickness (note that since mL  is fixed, 0∆  is 
proportional to pL ). We see that accounting for the protein-solution interactions shifts the 
minimum in the energy from 00 =∆  to a finite value, which depends on the magnitude 
of the surface tension, γ . Thus, we expect that the distribution of proteins embedded in a 
given membrane will not favor proteins whose thickness is identical to the bilayer 
thickness, but somewhat larger proteins. The degree of shift (from 00 =∆  to a finite 
value) increases with increasing γ . 
5.3.4 Probability of Protein Adsorption 
One of the main obstacles facing drug delivery via drug carriers such as vesicles 
is their rapid clearance from circulation in vivo. The adsorption of plasma proteins onto 
the vesicles is known to enable their recognition by reticuloendothelial cells which 
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mediate the clearance process. However, plasma proteins are diverse in nature and the 
clearance process depends not only on the characteristics of the adsorbing protein, but 
also on the properties of the drug carrier. Thus, understanding the mechanism of protein 
adsorption is a challenging and complicated phenomena because the degree of membrane 
perturbation is related to the mechanism of adsorption (transmembranous or partial 
embedding) and has not yet been clearly established. Nevertheless, we can qualitatively 
use our model for transmembrane protein adsorption to relate the carrier circulation time 
to the bilayer characteristics. Knowing the free energy, the probability of protein 
adsorption is given by the Boltzmann distribution such that 
)/exp(~ kTwFP d−   (5.9) 
where w is the width of the membrane. Thus, the energetic penalty for protein 
incorporation as given by Eqn. 5.1 is translated into a probability for protein adsorption. 
For simplicity, we assume 1=w . In (Figure 5.8) we plot this probability )(P as a function 
of the polymer molecular weight )(N . We find that, for any given protein, the probability 
of adsorption is maximal in a bilayer where the energy penalty is minimal and gain 
maximal.  For any other membrane thickness, the probability of adsorption decreases 
monotonically. 
 To compare our model predictions with experimental data, we examine the results 
of Photos et al. [55] on the circulation times of block copolymer vesicles in vivo. For 
simplicity, we assume that the circulation half-life is related to the probability of protein 
adsorption such that P/1~2/1τ . In Figure 5.9 we see that our model predictions compare 
qualitatively with the experimental data, such that from both theory and experiment, the 
circulation time roughly scales as 5/2N . 
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Figure 5.5 Bilayer thickness profile (Eqn. 5.6) as a function of distance from the 
inclusion boundary, z. All length scales are in units of a, the segment size. 
The protein thickness, Lp = 2 nm. 
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Figure 5.6 Protein-induced membrane perturbation energy, (Eqn. 5.8), as a function 
of polymer chain length.  
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Figure 5.7 Perturbation energy as a function of protein size, (Eqn. 5.1). The 
membrane thickness is Lm = 2 nm and )( 2aγ is taken to be 0.1 kT. Note 
that higher values of γ  will lead to an even more significant shift in the 
minimum towards larger proteins.  
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Figure 5.8 Probability of protein adsorption, (Eqn. 5.9) as a function of polymer 
chain length. For simplicity, w is taken to be of order unity. 
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Figure 5.9 Comparison of model predictions with experimental data [55] on the 
circulation half-life of polymeric vesicles as a function of polymer 
molecular weight.  
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5.4 Discussion 
Using a mean field model we derive here the perturbation energy of a symmetric 
polymeric bilayer due to the incorporation of a transmembrane protein. The protein 
perturbs the bilayer thickness, thereby inducing a deformation profile which extends over 
a distance roughly of order 3-4 times the bilayer thickness (Figure 5.5). The perturbation 
range determines the range over which embedded proteins interact [32, 52, 56]: in lipid 
bilayers where mL  is of order 2 nm, the interaction range is relatively short. However, in 
polymeric bilayers where mL  may be an order of magnitude larger [54] the protein-
protein interactions range becomes significant.  
 As may be expected, we find that the perturbation energy increases as a function 
of the thickness mismatch between the embedded protein and the hydrophobic bilayer 
core. The perturbation penalty for incorporation of a given protein into a polymer bilayer 
decreases and then increases with chain molecular weight, displaying a minimum at a 
finite molecular weight which corresponds to a bilayer thickness that is equal to the 
protein dimension (Figure 5.6). Somewhat unexpectedly, the penalty for bilayer 
stretching is larger than for compression: for a given bilayer (namely, a fixed chain 
length), the penalty for stretching due to the incorporation of large proteins is much larger 
than the penalty for compression due to the incorporation of smaller proteins. 
Considering any given protein, pLγ  is fixed by the protein conformation and the 
energetic gain due to protein incorporation in the bilayer decreases with increasing 
membrane perturbation energy (see Eqn. 5.8 and Figure 5.7). As a result, the energetic 
penalty is minimal (and the gain maximal) in bilayers where there is no thickness 
mismatch. Quite surprisingly, although the moduli of the bilayer increase significantly 
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with the chain length (Eqn. 5.3), the overall penalty for protein incorporation does not: as 
shown in (Figure 5.6), the perturbation energy increases relatively moderately with N. 
 Why is the energetic penalty for protein incorporation relatively low, even for 
large thickness mismatch? In lipid bilayers the configurations of the core tails are 
relatively limited. As a result, the bilayers are relatively incompressible and cannot 
support perturbations in the thickness/surface density that is more than a few percent 
[57]. Even a small thickness mismatch between the lipid bilayer and a transmembrane 
protein will therefore result in a large energetic penalty prohibiting protein incorporation. 
In self-assembled diblock copolymer bilayers, the surface density is set by an energetic 
balance between the surface tension at the hydrophobic/hydrophilic interface and the 
chain configurations. Although the preferred, equilibrium core dimensions of a given 
chain length N scales as 3/2N , it can easily vary from a collapsed  3/1N  to a stretched 
1N  [47] configuration. Bilayer compression, e.g., by matching to a small protein, results 
in an increase in the local surface tension energy and a decrease in the stretching energy. 
Thus, the energetic penalty due to the protein incorporation is mitigated by the gain in 
stretching energy. 
 The analysis presented here pertains to the incorporation of transmembrane 
proteins across the bilayer, a category that includes a variety of proteins (e.g., ion channel 
forming ones like gramicidin alamethicin). It is interesting to note that the overall system 
free energy is reduced by protein incorporation over a significantly large range of 
thickness mismatches (for the example plotted in Figure 5.7), it encompasses mismatches 
ranging from 8.00 −≈∆  to 50 ≈∆ , or from a protein to bilayer thickness ratio of order 
0.2 to 6). Obviously, above a certain thickness mismatch the membrane perturbation 
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energy would become prohibitive for this type of incorporation. Proteins may then either 
continue to circulate in solution, or be partially embedded in the bilayer (Figure 5.10). 
Both scenarios would result in some hydrophilic/hydrophobic interfacial penalty, so that 
determining under which conditions transmembrane proteins would be partially 
incorporated is sensitive to the specific protein characteristics. 
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Figure 5.10 A schematic of bilayer perturbation by non-incorporated transmembrane 
proteins. As shown, partial embedding of the protein, although reducing 
the membrane perturbation, involves an energetic penalty due to surface 
tension between hydrophobic and hydrophilic regions.  
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5.5 Scope and Significance 
Many types of proteins do not adopt the transmembrane configuration, but 
‘adsorb’ at the hydrophobic/hydrophilic bilayer interface [57]. Although the thickness 
mismatch scenario does not fit these cases, protein incorporation at the interface between 
the hydrophilic/hydrophobic polymer blocks perturbs the bilayer structure in a manner 
quite similar to that of transmembrane ones [51] (see Figure 5.10).  However, in these 
cases the perturbation energy is much more sensitive to the specific protein 
characteristics (e.g. shape, contact angle). Thus, we expect that the analysis presented 
here applies for all types of membrane proteins, once the degree of perturbation is 
accurately accounted for. 
 What do our results indicate regarding the use of polymersomes as drug carriers? 
One of the most significant issues regarding the use of any type of nanoparticle for drug 
delivery is their relatively rapid clearance by the immune system, triggered by 
immunoprotein adsorption. In liposomes, the incorporation of hydrophilic polymer chains 
has been shown to slow the kinetics of protein adsorption, thereby increasing the 
circulation time in vivo [18-25]. While such kinetic effects are expected to occur in 
polymer-based bilayers, we find that the equilibrium concentration of proteins 
incorporated into a bilayer depends on the bilayer thickness. Assuming that most natural 
proteins are designed to match lipid bilayers, this indicates that increasing the bilayer 
thickness (or the molecular weight of the diblock copolymer chains) will suppress, to 
some degree, protein incorporation. This indicates that the polymersome ‘tagging’ for 
clearance by immunoprotein incorporation will be moderately suppressed, but not 
extinguished, for high molecular weight copolymers. Photos et al. [55] have shown that 
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the circulation time, in vivo of polymersomes increases with the chain molecular weight, 
implying thereby that immunoprotein adsorption/incorporation decreases with increasing 
N (Figure 5.9). It is hard to determine whether this suppression is due to a slowdown in 
the adsorption kinetics (a process dominated by the hydrophilic block), or to the 
membrane perturbation mechanism proposed here (which is dominated by the 
hydrophobic block). More revealing is their observation that for a given hydrophilic 
chain length, the circulation half-time in vivo increases from order 15hr in ‘stealth 
liposomes’ carrying a moderate density of polymer chains to order 20hrs in 
polymersomes.  This difference, which is relatively small, is likely to be dominated by 
the hydrophobic core, thereby supporting our conclusion that equilibrium protein 
incorporation is diminished, but not overly suppressed, as the chain length increases. 
 
5.6 Conclusions 
Using a mean field analysis we derive a consistent model for the perturbation of a 
symmetric polymeric bilayer due to the incorporation of transmembrane proteins, as a 
function of the polymer molecular weight and the protein dimensions. We find that there 
are qualitative differences between transmembrane protein incorporation in lipid bilayers 
and polymeric ones. The most significant one is that, as speculated, there is an increase in 
the perturbation energy of the bilayer (for a given protein) as a function of the bilayer 
molecular weight. However, this increase depends on the chain length in a weaker 
fashion than expected, due to the self-assembled nature of the polymeric bilayer. We also 
find that the range of the perturbation profile away from the protein increases with chain 
length, despite the fact that so does the bending modulus, and that, despite our use of a 
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linear perturbation model the penalty for bilayer perturbation is asymmetric with respect 
to the degree of perturbation: the deformation energy for stretching is smaller than for 
comparable compression. The concentration of any given protein is predicted to be 
maximal in bilayers where there is no thickness mismatch. However, due to the 
protein/solution interactions, in any given bilayer the protein whose concentration is 
highest is one whose thickness exceeds that of the bilayer. As a result, we predict that 
transmembrane proteins may be incorporated in significant numbers even in bilayers 
where the thickness mismatch is large. 
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CHAPTER 6: MEMBRANE-INDUCED BARRIER TO PROTEIN 
AGGREGATION IN POLYMER VESICLES 
 
6.1 Introduction 
Biological membranes are not simply inert physical barriers, but complex and 
dynamic environments that affect membrane protein structure and function.  Changes in 
the local membrane environment, such as bilayer composition, can modulate 
conformational changes in inclusions such as transmembrane proteins, thus affecting 
their function [1]. Since inclusions bound to biological membranes play an essential role 
in governing many cellular functions such as provide specific receptors for host proteins, 
act as ionic pumps, or contribute to the integrity of the cytoskeleton [2], it is important to 
develop an understanding of the property-performance relations of membrane-protein 
inclusions. 
The structure of the proteins may be affected by the bilayer microenvironment, 
and conversely, these proteins may affect the structure of the surrounding bilayer. In lipid 
bilayers, any changes in the conformation of lipids in the membrane changes the multiple 
physical attributes of the membrane [3]. Membrane properties such as membrane fluidity, 
bilayer thickness, surface charge distribution, and lateral pressure, have all been shown to 
affect the structure and function of intrinsic membrane proteins [4-25]. However, a more 
complete understanding of the physicochemical effects of these properties on membrane-
associated protein structure is necessary to understand the targeting and regulation of 
membrane proteins. 
Proteins may sometimes undergo an aggregation process in biological 
membranes, due to an effective protein-protein interaction. For example, clathrin coated 
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pits are formed by controlled geometric aggregation of clathrin, which exerts forces on 
the cell membrane [15]. The distribution of such forces depends on the precise geometric 
configuration of the protein. Besides direct electrostatic or van der Waals interactions, 
inclusions may also interact via membrane modulations. Such interactions can directly 
result from deformation of the membrane due to packing constraints that arise from the 
geometry and shape of the inclusion, or can be induced by an external force [22, 26]. For 
example, membrane bending, induced by the inclusion could be felt by another inclusion 
in its vicinity, leading to an effective membrane-mediated interaction. Interactions can 
also be induced due to thermal fluctuations and such interactions are known as entropic 
interactions. Membrane induced interactions are generally long-range interactions and 
could influence phase behavior of certain membrane proteins, even if stronger short-
range interactions are present [24].  
The phase behavior of protein-lipid systems is sensitive to the effective 
hydrophobic length of transmembrane peptides. Most natural membrane proteins are 
designed such that their hydrophobic thickness corresponds closely to the membrane 
hydrophobic thickness and under matching conditions, the peptide can be accommodated 
in lamellar phase. However, it has been shown that phases formed depend in a 
quantitative manner on the extent of mismatch. When the peptide thickness is lower than 
the membrane thickness, an isotropic phase is formed, and for even shorter peptides, an 
inverted hexagonal phase is formed [27]. In the case of lipid bilayers, the thickness 
mismatch is not very large (usually about 8-10 %), yet has a significant influence on the 
protein phase behavior. This leads us to the speculation that protein inclusion in thicker 
polymer membranes would be greatly affected by the thickness mismatch. 
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6.1.1 Motivation 
With the identification of a variety of proteins that directly bind to and deform 
membranes, the mechanism through which membranes are deformed has gained much 
attention. Membrane deformation requires physical perturbation of the bilayer, and there 
exists a wealth of studies that correlate changes in the properties of the lipid bilayer with 
changes in the structure and function of membrane proteins, including ion channels. It is 
well established that changing the membrane environment of the protein significantly 
affects their conformation and activity.  
Polymer vesicles have gained interest for potential applications in drug delivery. 
One important aspect towards functionalizing these vesicles for effective drug delivery 
would be the incorporation of protein inclusions in the membrane. However, there is a 
lack of information on the effect of the biophysical properties of polymer membranes on 
the membrane-mediated interactions between protein inclusions. Moreover, the enhanced 
thickness of polymer membranes as compared to their lipid counterparts results in a 
larger thickness mismatch between the host membrane and the protein inclusions. To 
understand the behavior and distribution of proteins in thicker polymer membranes, it is 
essential to unfold how the very polymer nature itself influences the membrane-mediated 
interactions. Since changing a single variable such as molecular weight (or membrane 
thickness) will change multiple physical parameters of the polymer bilayer, the 
phenomenological effects of membrane thickness on protein distribution in polymer 
vesicles evolves an interesting study. 
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6.1.2 Background 
The interaction between inclusions, mediated by membrane undulations has been 
extensively analyzed with respect to lipid membranes. Various membrane properties are 
mechanistically associated with the packing efficiency of bilayer components, which 
affects membrane protein structure and function. Among the membrane characteristics 
that have been found to significantly influence inclusion behavior is the bilayer thickness. 
Single transmembrane helix proteins with short hydrophobic helices are typically found 
to be excluded from thick membranes [14]. Since rearrangement of transmembrane 
helices affects protein function, hydrophobic matching is known to be important in the 
activity of many proteins such as NaK-ATPase, Ca-ATPase, Gramicidin and 
Alamethicin. Studies of ion channel proteins [17, 18] also illustrate how hydrophobic 
matching creates a strain field that in turn may induce membrane-mediated attractive 
potential between proteins, essential to their activity. Thus, hydrophobic matching is 
essential for a protein conformation to be energetically favored and can be achieved by 
changes in the conformation of the protein, or by local changes in the bilayer thickness. 
Though the hydrophobic interaction proves to be the driving force for the 
insertion of proteins or peptides such as gramicidin, melittin, OmpF trimer, and 
bacteriorhodopsin into the lipid bilayer [28], competing attractive and repulsive 
interactions, governed by both the properties of the bilayer and the inclusion geometry, 
significantly affect the phase behavior of membrane inclusions. Indeed, it has been shown 
that shape fluctuations lead to the dynamic separation of the membrane into phases with 
different inclusion concentrations and the tendency of lateral phase separation strongly 
increases with the inclusion size [29, 30].  
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6.2 Model 
Extending upon the work presented in Chapter 5, this chapter discusses the effect 
of thickness mismatch on protein distribution in polymeric vesicles. As discussed earlier, 
thickness mismatch is a source of membrane perturbation. Depending on the range of 
perturbation, the membrane-mediated interactions significantly influence the protein 
aggregation/dispersion behavior in the membrane, which in turn affects the protein 
activity.  
We develop a model for membrane-mediated interactions between proteins in a 
polymeric bilayer. In Chapter 5, we focused on the dilute limit where the concentration of 
transmembrane proteins embedded in the polymeric membrane is low and direct 
interactions between the proteins may be neglected. Here we focus on the concentrated 
limit where protein-protein interactions cannot be neglected. The fraction of proteins that 
can be stably incorporated in the membrane depends both on protein hydrophobicity 
(equivalent to the ‘bare’ surface adsorption energy) and on membrane-protein coupling. 
As discussed in the previous chapter, the latter arises from the protein-imposed 
perturbation of the local membrane structure, due to the thickness mismatch between the 
hydrophobic protein regions and the unperturbed membrane. 
Consider a membrane section containing proteins separated by a distance 2d 
(Figure 6.1). The coupling between the hydrophobic protein core and the bilayer can be 
translated into a geometrical boundary condition for the perturbation on the bilayer 
thickness at the protein/bilayer boundary. For a symmetric copolymer system, the change 
in monolayer energy (per inclusion) due to insertion of two inclusions, a distance 2d apart 
is, 
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where 2"20 ofB Σ=  and 2mKL=Κ . The value of the perturbation profile at z = 0, 0∆ , is 
defined by the inclusion size. To calculate the protein-induced bilayer perturbation 
energy and perturbation profile, the free energy (Eqn. 6.1) must be minimized 
consistently. Boundary conditions for the system are: 
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These include a thickness match at the protein boundary (Eqn. 6.2a) and that the 
perturbation decays to zero at the midpoint between the inclusions, z = d. (Eqn. 6.2b). 
The other two boundary conditions are the ‘natural ones’ ensuring that the profile found 
indeed minimizes the system free energy (Eqn. 6.2c and 6.2d)*. 
 We focus here on symmetric copolymer systems and cylindrical inclusions. 
Incorporation of non-cylindrical proteins will result in a boundary condition fixed by the 
protein shape and lead to an increase in the system free energy.  
 
 
 
 
                                                 
* Refer to Appendix A for derivation of these two boundary conditions. 
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Figure 6.1 Schematic of the configuration of polymer chains between inclusions 
separated by a distance 2d. The equilibrium bilayer thickness is 2Lm and 
the thickness of the inclusion is 2Lp. z is the distance from the inclusion 
boundary.  
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6.3 Results 
Taking into account the boundary conditions, we can solve for the membrane 
perturbation profile and the energy penalty. 
6.3.1 Membrane Perturbation Profile 
The protein induced perturbation due to a single protein in the membrane is given 
by: 
)2/()2/exp(/)( 2/14/12/14/10 zACoszAz −=∆∆   (6.3) 
where A = B/K. In a polymeric bilayer, B and K are coupled to the chain length (see Eqn. 
5.3) so that 4/1A  varies as 3/2−N . In Figure 6.2 we plot the normalized membrane 
perturbation as a function of the normalized distance from the inclusion boundary. As can 
be seen from the profile, the perturbation has an oscillating behavior, and decays at a 
distance 3-4 times the membrane thickness, from the inclusion boundary. In the case of 
polymer membranes, where the monolayer thickness can range from 4-10 nm, this 
perturbation will have a significant influence on the interactions between proteins 
separated even by a distance of 15-30 nm. 
The perturbation profile for two inclusions separated by a distance 2d is: 
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In Figure 6.3, we plot (a) the membrane perturbation profile, and (b) the local curvature 
profile, 22 dzd ∆ . It is obvious from this profile that any proteins separated by a distance 
less than ~ 4Lm are subject to membrane-mediated interactions. In general, the induced 
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curvature close to the inclusion boundary minimizes the energetic penalty of the bending 
stiffness. 
6.3.2 Membrane Perturbation Energy 
Once the membrane profile is known, the change in bilayer energy due to the 
incorporation of inclusions can be calculated. Substituting Eqn. 6.4 in the expression for 
the free energy, Eqn. 6.1, we can solve for the membrane deformation energy. This yields 
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By definition, Fd = 0, denotes the unperturbed membrane (assuming that the inclusions 
deform the membrane only in the region where  0 < z < 2d). Fd  = 0 corresponds to the 
aggregated state, where d = 0.  
The free energy, Eqn. 6.5, gives us the energetic penalty for the incorporation of 
one inclusion plus the cost of adding another inclusion once we have one inclusion in the 
membrane. Since our model does not consider any other specific interactions (such as van 
der Waals or electrostatic) between the inclusions, we can subtract the energy penalty due 
to the incorporation of a single inclusion from the energy in Eqn. 6.5, to get the net 
membrane-induced interaction energy between inclusions. We denote this energy as 
)()( ∞−= ddeff FdFU   (6.6) 
where )(∞dF  is the free energy when ∞→d , thereby denoting the membrane-induced 
“absorption” energy of a single inclusion. Thus, the effective membrane-induced 
interaction energy between the inclusions is 
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In Figure 6.4, we plot the effective interaction energy as a function of distance between 
the inclusions. At very far separations, the effective interaction energy is almost zero. As 
the inclusions start to approach each other, the interaction energy slightly decreases but 
then starts to increase again. The presence of an energy barrier may prevent aggregation, 
in which case the membrane-induced interactions will promote a metastable state with a 
finite spacing between inclusions defined by the shallow secondary minimum in Ueff vs. 
d. With decreasing perturbation, 0∆ , the energy of the metastable state decreases. Thus, 
both the height of the barrier as well as the location of the secondary minimum depends 
on 0∆ . However, once the energy barrier is overcome, the interaction energy continuously 
decreases and becomes negative when d = 0. This decrease below zero, the magnitude of 
which depends on  0∆ , corresponds to a gain in energy for the aggregated state. 
6.3.3 Force Between Inclusions 
The force acting on the inclusions, given by the negative of the first derivative of 
the interaction energy as a function of the distance between inclusions, indicates the 
nature of the membrane-mediated interactions. In Figure 6.5, we plot the force, 
( )dddFd− , as a function of the distance between the inclusions. At very large 
separation distances, which correspond to dilute protein concentrations, the interaction is 
almost zero or very weakly attractive. As the inclusions approach each other (increasing 
concentration of proteins in the membrane), they start to repel. This repulsive or 
‘positive’ force on the inclusions prevents them from aggregating, and promotes a 
metastable distribution defined by a finite inclusion spacing. However, once the energy 
barrier is overcome, the interactions turn attractive and promote inclusion aggregation, 
which corresponds to the most stable and lowest energy state. For a given perturbation,  
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0∆ , the maximum separation between the inclusions is given by d*, such that 
( ) 0* =dd dddF . However, as seen from Figure 6.5, the optimal spacing between 
inclusions would be larger than d*, due to the presence of an energy barrier. 
6.3.4 Barrier Height 
Nature has engineered transmembrane proteins such that their thickness typically 
matches that of lipid bilayers (Lm ~ 2 nm). However, polymer bilayers, composed of high 
molecular weight amphiphiles, are thicker than their lipid counterparts (Lm: 4 – 10 nm). 
As is evident from these numbers, the thickness mismatch between transmembrane 
proteins and polymer bilayers ( 0∆ :  -0.5 to -0.8) is much larger compared to that of lipid 
bilayers ( 0∆ ~ -0.05). This almost 10-fold difference in the perturbation would 
significantly affect protein incorporation into polymeric bilayers. 
As seen in Figure 6.4, the presence of an energy barrier imposes a limit on the 
amount of protein that can be incorporated in the membrane. The height of this barrier is 
given by )()( * ∞−=∆ FdFF  where ( ) 0* =dd dddF . In Figure 6.6, we plot, for a given 
protein, the barrier height as a function of 0∆ . The height of the energy barrier 
progressively decreases with decreasing perturbation. This implies that thicker 
membranes confer greater resistance to transmembrane protein incorporation. 
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Figure 6.2 Perturbation profile (Eqn. 6.3) as a function of distance from the inclusion 
boundary. The perturbation decays at a distance 3-4 times the membrane 
thickness from the inclusion boundary.  
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Figure 6.3 Perturbation profile (a) and local curvature (b) as a function of distance 
from the inclusion boundary. The separation between neighboring 
inclusions in 2d = 4Lm.  
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Figure 6.4 Effective interaction energy as a function of the distance between 
inclusions, d. In all cases, the thickness of the protein (inclusion) is, Lp = 2 
nm. 
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Figure 6.5 Force vs. distance between inclusions, for a characteristic system (Lm = 4 
nm and Lp = 2 nm). 
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Figure 6.6 Energy barrier, ∆F, as a function of thickness mismatch, ∆0. 
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6.4 Discussion 
We have developed a model to characterize the membrane-mediated interactions 
between cylindrical inclusions embedded in symmetric polymeric bilayers. The 
perturbation induced by the inclusion in the membrane decays at a distance whose 
magnitude is proportional to 4 times the membrane thickness. This implies that in 
polymeric bilayers, where the membrane thickness is much larger compared to lipid 
bilayers, the range of membrane-mediated interactions between the inclusions is 
significantly large. 
Examining the change in bilayer energy due to the incorporation of inclusions 
indicates the presence of an energy barrier, the height of which depends on the 
perturbation (see Figures 6.4 and 6.6). The energy of the bilayer is minimal when d = 0, 
promoting aggregation of the inclusions. However, the presence of an energy barrier 
prevents protein aggregation, in which case the membrane-induced interactions promote 
a metastable state with a finite spacing between the inclusions.  
How does the membrane perturbation influence protein incorporation in polymer 
vesicles? The bilayer perturbation energy defines the membrane resistance to protein 
incorporation. However, transmembrane proteins are driven into the bilayer due to the 
unfavorable interactions between their hydrophobic regions and the aqueous solution. 
The energy gain associated with this transition is given by γLp, where γ is the surface 
tension of the protein hydrophobic region, describing the energy difference (per unit area) 
between the protein in solution and embedded in the bilayer. Ignoring any other specific 
interactions between the proteins, the amount of protein that can be stably incorporated in 
the membrane is set by a balance between: (a) Energy gain due to transition from the 
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aqueous environment to membrane hydrophobic region, and (b) Membrane perturbation 
induced energy barrier. When the energy gain is sufficiently large to exceed the 
perturbation induced energy barrier, proteins will be favorably incorporated in the 
membrane. Thus, the criterion for protein incorporation is, FLp ∆>γ , where ∆F is the 
energy barrier. For example, most transmembrane proteins have a thickness, Lp = 2 nm. 
Taking typical values of γ ~ 0.1 pN/nm, the energy gain, per protein, is ~ 0.05 kT. In the 
case of lipid bilayers, where 05.0~0∆ , the barrier height is negligible compared to the 
energy gain (see Figure 6.6) and the above criteria is always satisfied. Proteins are thus 
easily incorporated, in significant numbers, in lipid bilayers. However, polymer 
membranes induce larger perturbations (and higher energy barriers) due to increased 
hydrophobic mismatch with transmembrane proteins. Accordingly, protein incorporation 
into polymer vesicles would be significantly reduced. In Figure 6.7, we plot the net 
energy gain, pLF γ−∆ , for a given protein, as a function of membrane thickness, Lm. As 
can be seen, protein incorporation is somewhat favored into membranes slightly thicker 
than lipid bilayers. However, increasing the membrane thickness beyond Lm ~ 4.5 nm 
would significantly reduce the incorporation of transmembrane proteins.  
It has been previously demonstrated that integral membrane protein function is 
influenced by the host bilayer if the hydrophobic interface between the protein and the 
bilayer is altered [22, 24, 29]. Thus, the bilayer deformation energy in thicker membranes 
may be of sufficient magnitude to affect protein function. 
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Figure 6.7 Net energy gain for protein incorporation in polymer vesicles. The protein 
height is, Lp = 2 nm. 
 
 
 
 
 
 
 
 
 
 127
6.5 Scope and Significance 
Polymer vesicles are promising for a number of novel opportunities in various 
cosmetic, pharmaceutical and biomimetic applications. With special regard to their use as 
drug carriers for delivering hydrophobic proteins, it is important to have a firm 
understanding of the effect of the host membrane characteristics on the efficiency of 
incorporation as well as the distribution of proteins.  
The focus here was on the membrane induced barrier to protein incorporation in 
synthetic polymer vesicles. The results presented in this chapter provide a comprehensive 
understanding of the influence of the membrane characteristics on the inclusion of 
transmembrane proteins in polymer vesicles. Since the phase behavior of protein-
membrane systems is sensitive to the effective hydrophobic length of transmembrane 
peptides, it is likely from the analysis presented here that proteins might not be in a 
functional state when incorporated in membranes whose thickness is much greater than 
the thickness of the protein.  
 
6.6 Conclusions 
Using a mean-field analysis, we derive a consistent model for the membrane-
mediated interactions between inclusions in a symmetric polymer bilayer, primarily as a 
function of membrane perturbation. The range of the perturbation profile from the 
inclusion boundary increases with membrane thickness. Thus, in polymer membranes, 
inclusion induced perturbation decays at distances ~ 25 – 30 nm from the inclusion 
boundary. As the concentration of inclusions in the membrane increases, the inclusions 
start to repel each other, and the presence of an energy barrier prevents protein 
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aggregation in the bilayer. Thicker membranes offer greater resistance to transmembrane 
protein incorporation, which results in reduced probability of protein adsorption into the 
membrane.  
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CHAPTER 7: MEMBRANE-INDUCED INTERACTIONS IN LIPID-
CHOLESTEROL BILAYERS 
 
7.1 Introduction 
The cell membrane is a complex mixture of a wide variety of phospholipid 
molecules, proteins and sterols. Cholesterol is one of the major components of the plasma 
membrane of mammalian cells and is known to influence the membrane properties in 
many ways. Cholesterol-lipid interactions have thus been recognized as an important 
element in membrane structure and function. Cholesterol is known to regulate lipid 
bilayer dynamics and structure by modulating the packing of phospholipid molecules [1-
4]. Ipsen et al. postulated on the basis of theoretical simulations that cholesterol and 
certain saturated phospholipids form a liquid-ordered (lo) phase that could coexist with 
other lipid phases such as the fluid liquid-disordered (ld) and gel phases formed by pure 
phospho- and sphingolipids [5, 6]. By forming a liquid-ordered phase, cholesterol is 
known to promote a state of ‘intermediate fluidity’, resulting in an increase in membrane 
rigidity and reduced permeability of the lipid bilayer [7]. Experimental studies of 
artificial membrane models have also shown that increasing the amount of cholesterol in 
the membrane results in an increase in membrane structural order at temperatures above 
the lipid gel to liquid-crystalline phase transition temperature (Tm) and a decrease in 
structural order at temperatures below the phase transition [2]. 
 The phenomenological ordering of membrane lipids by cholesterol gained 
significant interest with the recognition that plasma membranes may incorporate laterally 
segregated domains known as ‘lipid rafts’[7-9]. These rafts are currently understood to be 
enriched in cholesterol and sphingolipids, and depleted in unsaturated phospholipids. 
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They have also been found to be resistant to solubilization by detergents, which is linked 
to a non-fluid state of the membrane lipids [10, 11]. Proteins are selectively included or 
excluded from lipid rafts, that are hypothesized to be involved in signal transduction, 
protein stabilization, protein and lipid sorting and membrane fusion [7, 8, 12]. The 
preferential partitioning of cholesterol into the liquid-ordered phase, as compared to the 
liquid-disordered matrix of the membrane is known to play a major role in raft formation. 
This is further supported by evidence for the existence of a laterally phase separated 
cholesterol-only phase, termed immiscible cholesterol domains, in certain compositions 
of natural and model membranes [13]. 
The presence of cholesterol-rich domains in biological membranes is not only 
relevant to studies of membrane phase behavior but also has the potential for 
understanding the underlying principles involved in certain cholesterol-related diseases. 
For example, in certain disease states including atherosclerosis, elevation in serum 
cholesterol levels leads to its abnormal deposition in vascular cell membranes within the 
arterial wall, eventually leading to a heart attack [1]. Also, supersaturation of cholesterol 
in bile is a prerequisite for the formation of gallstones [14]. Both these diseases share a 
common principle – nucleation of cholesterol from cholesterol-rich vesicles to form 
cholesterol monohydrate crystals, a phenomenon that is widely accepted. Thus, from 
studies available so far in the literature, it is safe to say that cholesterol is essential for 
cell viability, but excess cholesterol levels prove detrimental to the cell. 
7.1.1 Motivation 
To understand the processes by which cholesterol affects membrane functions - as 
well as the triggers for the nucleation of crystals - one must understand the phase 
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behavior of cholesterol in lipid bilayers. Various studies examined cholesterol mixing in 
biological and synthetic membranes [7, 15-18]. In general, the phase diagrams deduced 
experimentally for binary lipid-cholesterol mixtures are non-ideal and complex, with 
regions of coexisting phases [18]. Despite extensive experimental and theoretical studies, 
fundamental gaps still remain in our understanding of the nature and consequences of 
lipid-cholesterol interactions, and a clear picture of the microscopic organization of such 
systems is yet to emerge. 
Motivated by the fact that there is a lack of a clear understanding of the 
distribution of cholesterol in lipid bilayers, this study attempts to examine theoretically, 
the effect of cholesterol inclusions on a fluid bilayer, and the resulting phase diagram for 
the two dimensional mixture. An understanding of these interactions may help explain 
some of the ambiguous experimental observations of the phase-behavior of lipid-
cholesterol systems. 
7.1.2 Background 
Numerous physical and chemical studies have been performed on monolayer and 
bilayer membranes comprised of phospholipids and cholesterol [18]. Apart from their 
biological relevance, lipid-cholesterol mixtures are of interest due to their non-ideal 
mixing behavior. Such a behavior has been explained by different theories such as 
‘condensing effect’ of cholesterol, formation of stoichiometric lipid-cholesterol 
complexes, formation of superlattices and phase separation into co-existing fluid phases 
[7, 16, 17].  
Various studies examined cholesterol mixing in biological and synthetic 
membranes [7, 15-18]. In general, they find that the solubility limit, namely, the 
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concentration above which cholesterol crystallites start to form, varies as a function of the 
lipid type: In phosphatidylethanolamine (PE) membranes, the saturation limit roughly 
corresponds to equi-molar cholesterol-lipid ratios, while in phosphatidylcholine (PC) 
membranes the molar ratio is approximately 2:1 [19]. It is unclear whether the saturation 
limit defines the formation of a particular complex between the lipids and cholesterol, 
[17] or whether the bilayer in this limit is simply a mixture that reached its upper 
saturation limit [20]. It should be noted that the solubility limit is commonly measured 
through the detection of cholesterol crystallites in solution [15]. However, recent studies 
suggest that cholesterol crystallites may initially nucleate and exist within the membrane 
[21, 22]. 
Recent studies by Huang et al. [20] employed Monte Carlo simulations to 
examine the maximum concentration of cholesterol that can be accommodated in bilayers 
without the appearance of crystals, which represents the boundary of a first-order phase 
transition. Once the critical concentration of cholesterol in the membrane is exceeded, 
clustering of membrane components leads to the formation of larger cholesterol-rich 
domains that can grow to a maximal size and eventually undergo a budding process [23]. 
The maximum domain size depends on membrane properties such as bending rigidity, 
spontaneous curvature and line tension. Kessel et al. [24] examined the components of 
the free energy of interactions of cholesterol with lipid bilayers to determine the 
orientation and magnitude of fluctuations of cholesterol in membranes. Their approach 
suggests that the elastic response of the neighboring lipids predominantly determine 
spatial fluctuations of cholesterol in the lipid bilayer. However, they focus on the limit of 
small cholesterol concentrations, where all the cholesterol molecules interact 
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independently with the lipid bilayer. Other theoretical studies on the phase behavior of 
cholesterol/lipid mixtures include two-dimensional thermodynamic lattice models and 
atomic level simulations using Monte Carlo and molecular dynamics methods [16, 18]. 
Such distinct observations of membrane phase behavior differ qualitatively and 
quantitatively with the nature and characteristics of the membrane lipids, and have a 
profound influence on the lipid-cholesterol phase diagram. Direct interactions such as 
electrostatic, hydrogen bonding and van der Waals are well understood [25], but 
membrane inclusions (such as proteins, cholesterol, etc.) are also subject to indirect 
interactions mediated by the membrane. Previous work on membrane-mediated 
interactions between inclusions such as proteins shows that such interactions play an 
essential role in governing many membrane properties and functions [26-30]. Thus, it is 
critical to examine the influence of such kind of interactions on the lipid-cholesterol 
phase diagram. 
 
7.2 Membrane Model 
Consider a membrane section of a cholesterol/phospholipid bilayer (Figure 7.1). 
The membrane is taken to be composed of only one type of lipid, and the cholesterol to 
be distributed uniformly between the two monolayers. As a result, the system is 
symmetrical around the bilayer mid-plane.  
The embedded cholesterol distorts the arrangement of the lipids in two ways: The 
first is due to a thickness mismatch, since the thickness of a cholesterol molecule (1.7 
nm) is smaller than that of a typical monolayer (~2 nm) [3]. The second is due to the 
cholesterol structure: Molecular dynamics simulations show that the hydrophobic core of 
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cholesterol is buried in the hydrocarbon region of the bilayer and that, on average, the 
molecule is tilted with respect to the bilayer normal, with a tilt angle of about 14o [24]. 
The rearrangement, or perturbation of membrane lipids incurred due to the thickness and 
angle mismatch with the cholesterol inclusion increases the membrane energy when 
compared to a uniform (cholesterol-free) membrane [30-37]. Previous models [33, 34, 
36, 38] have shown that the energetic penalty due to thickness mismatch is usually 
negligible when compared to that due to packing angle. As a result, we will focus here 
only on the effect of the cholesterol tilt angle*. 
For simplicity, we also assume that the cholesterol thickness is much larger than a 
characteristic perturbation length, so that a one dimensional model applies: While 
obviously an oversimplification, previous analysis has shown that the one-dimensional 
model yields qualitatively and quantitatively similar results to that of the two-
dimensional one in liposome-protein systems [38].  
The lipid bilayer is a self-assembled structure: properties such as the area per lipid 
0Σ  and monolayer thickness mL  are determined by the lipid chemistry [25], setting a free 
energy per lipid in the membrane of 0f . The incorporation of an inclusion may lead to a 
perturbation in the lipid packing, which incurs an energetic penalty. In the case of 
thickness mismatched inclusions, one may define the perturbation profile through a 
reduced thickness parameter: mm LLzLz /))(()( −=∆ , where )(zL is the thickness of the 
perturbed monolayer, mL  is the equilibrium monolayer thickness and z is the distance 
from the inclusion boundary. At the inclusion boundary, ∆  is defined by the difference 
                                                 
* As will be shown later, the energetic penalty associated with the cholesterol tilt angle is 4 times larger 
than that due to thickness mismatch. 
 
 138
between the inclusion thickness and the lipid bilayer thickness. In the case of a ‘packing’ 
perturbation such as that incurred by cholesterol, the inclusion perturbs the packing of the 
neighboring lipids, namely, the area per molecule. However, the area per lipid and 
membrane thickness are coupled through an equation of state, [30, 31, 33] so that 
)(∆Σ=Σ .  Thus, any type of membrane perturbation may be described through the local 
thickness profile.  
The membrane thickness profile varies as a function of the distance from the 
perturbation focal point: At the inclusion boundary it is set by the inclusion properties; far 
away it decays to the unperturbed membrane value, i.e., 0=∆ or 0Σ=Σ . However, in 
membranes where the density of inclusions (e.g. proteins, cholesterol) is high and the 
average distance between inclusions small, the thickness perturbation may remain non-
zero throughout the system. 
As discussed above, the membrane thickness perturbation incurred by an 
inclusion leads to an energetic penalty. The change in monolayer energy (per inclusion) 
due to insertion of two inclusions, a distance 2d apart is [30] 
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The first contribution in Eqn. 7.1 is due to packing constraints; B , the monolayer 
compressibility, describes the energy penalty for perturbation of the local density from 
equilibrium (namely, 0=∆ or 0Σ=Σ ). B  is defined [30] as 2/"020 fΣ , where 
( ) 2/202"0 Σ∂∂= ff  evaluated at 0Σ . The second term accounts for the energy cost when 
the interface curvature does not match the preferred spontaneous curvature: The 
monolayer spontaneous curvature, κ , determines the sign and magnitude of the free 
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interface curvature of the monolayer at an oil-water interface. The change in spontaneous 
curvature is given by Σ∂∂= /' κκ , evaluated at the equilibrium bilayer surface density 
0Σ . The third contribution is due to the bending energy of the monolayer, where K  is the 
bending modulus and 0Σ≈ mLν  is the volume of a lipid molecule. All energies are given 
in units of kT, where k is the Boltzmann coefficient and T the temperature. In this paper 
we focus on bilayer-forming lipids, and in particular on molecules for which the 
spontaneous curvature, κ  and its derivative 'κ  are zero. The separation d between the 
inclusions depends on their concentration in the membrane. For a single inclusion, the 
number of lipid molecules per inclusion is ~ 0/ Σd . So, the total number of molecules 
per inclusion is 1+ 0/ Σd  and the inclusion mole fraction is: 
)1(1 0Σ+= dx   (7.2) 
To calculate the inclusion induced bilayer perturbation profile and perturbation energy, 
the free energy (Eqn. 7.1) must be minimized consistently with respect to the optimal 
perturbation profile. Boundary conditions for the system include a thickness matching 
condition at the inclusion/bilayer boundary (which is, in our case, 0)0( ==∆ z ) and a 
symmetry-enforcing condition, namely, 0/ =∆ dzd  at the midpoint between two 
inclusions (z = d). The third boundary condition is set by the slope of the inclusion at the 
inclusion-monolayer boundary, aTandzd // θ=∆  at z = 0, where a is a molecular length 
scale. The fourth boundary condition is set by minimization requirements [39] and reads 
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Eqn. 7.1 may be minimized to yield the perturbation profile and energy in a 
general way for any value of K , B , and the inclusion mole fraction x(d); however, to 
relate the perturbation energy to a particular lipid system a specific molecular model is 
needed. We choose to model the amphiphiles as short diblock copolymers, so that both 
the head and tail are taken to be flexible chains. Despite the fact that polymer statistics 
tend to bear down in the case of shorter chains such as the lipid tails, this approach has 
been shown [40, 41] to yield qualitatively, and even reasonably quantitatively, correct 
results for several amphiphilic systems. For amphiphiles where the spontaneous curvature 
is zero (namely, 0=κ ), the free energy coefficients are given by [40, 42, 43] 
21)( Σ+Σ=Σ
νγ afo   (7.3a) 
4
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K    (7.3b) 
where a1 and a3 have the dimensions of a length scale of molecular size [43]*. Using the 
above equations and the relationship mL0Σ=ν , we obtain 
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∗  The numerical values are obtained by using the self-consistent field model predictions [43] which give   
   a1 = aπ2/24 and a3 = aπ2/32. 
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Figure 7.1 Schematic of a lipid-cholesterol bilayer. Lm is the height of a monolayer 
and Lc is the height of a cholesterol (inclusion) molecule, 2d is the 
distance between inclusions, z is the distance from the inclusion boundary 
and θ is the contact angle between the inclusion and the monolayer. 
Cholesterol perturbs the surrounding lipids due to a thickness mis-match 
and an angular mis-match. 
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7.3 Results 
Solving the above equations subject to the governing boundary conditions yields 
expressions for the membrane perturbation profile and free energy penalty induced upon 
incorporation of cholesterol inclusions in a lipid bilayer. 
7.3.1 Membrane Perturbation Profile 
Minimization of the bilayer free energy with respect to ∆  yields the ‘optimal’ 
perturbation profile, that is, the profile that minimizes the energetic cost associated with 
inclusion-induced membrane perturbation. For a single inclusion, we find that the free 
energy, after minimization, is given by  
⎥⎦
⎤⎢⎣
⎡ ∆++∆=∆ 4/10
2/1
2/12
2
2
04/1
2/1
,
22
0 aA
Tan
Aa
Tan
A
BL
F m
θθ
νθ   (7.5) 
where 0∆ defines the reduced thickness mismatch and θ  the contact angle between the 
membrane and the inclusion (see Figure 7.1). A  is the characteristic perturbation decay 
length, namely, the distance at which the membrane regains - more or less - its 
unperturbed characteristics. The perturbation length varies as a function of the membrane 
compressibility and bending modulus through the relationship 2mKLBA = . Thus, for a 
similar bending modulus, the distance at which the bilayer regains its equilibrium 
thickness increases with increasing compression modulus, or resistance to area changes. 
Eqn. 7.5 defines the energetic penalty for embedding a single, given inclusion in a 
membrane. It constitutes of three contributions that correspond to the three terms: The 
first is due to the thickness mismatch between the membrane and the inclusion. The 
second is due to the packing mismatch (i.e., ‘contact angle’) between the membrane and 
the inclusion, and the last is a cross term that accounts for the interrelationship between 
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the two types of penalties. In the case of cholesterol inclusions, we may assign some 
values to the different terms in Eqn. 7.5: 0∆  is typically of order -0.15 [3] and θ is of 
order 014  [44]. The membrane correlation length, A , depends on the lipid type, but is 
usually of order 1 nm-4 [45]. Thus, we find that, for cholesterol, the dominant term in 
Eqn. 7.5 is the θ2Tan  term, and we may neglect the effect of the thickness mismatch. 
The perturbation profile associated with inclusion of a cholesterol molecule into a 
membrane, neglecting the thickness mismatch, is given by 
)2/()2/exp(2)( 2/14/12/14/14/1
2/1
zASinzA
aA
Tanz −=∆ θ   (7.6) 
where θ , as discussed above, is equal to 014  [44]. In Figure 7.2 we plot the thickness 
profile of a monolayer containing a single cholesterol inclusion. Despite the fact that we 
neglect the thickness mismatch between the cholesterol and the lipid monolayer, we see 
that the thickness of the monolayer is indeed perturbed by the cholesterol inclusion. This 
is due to the coupling between the membrane packing (surface area per molecule) and the 
thickness. However, as in the case of thickness-mismatched inclusion/membrane systems, 
[30, 31, 38] the membrane thickness decays to its unperturbed value within a distance of 
order (3-4 Lm) from the cholesterol boundary, which typically corresponds to 6-8 nm. 
Thus, in systems where the cholesterol spacing in the bilayer is larger than ~ 8 nm (which 
corresponds to ~ 0.08 mole fraction), interactions between the cholesterol molecules may 
be neglected. 
7.3.2 Membrane Deformation Energy 
Our interest, however, is in systems containing a relatively high concentration of 
cholesterol, where there may be some membrane-induced interaction between the 
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molecules. The perturbation profile for two cholesterol molecules separated by a distance 
2d is: 
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where )1(1 0Σ+= dx  is the cholesterol mole fraction. Substituting the optimal 
perturbation profile, Eqn. 7.7, into the expression for the energy, Eqn. 7.1, yields:  
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Fd defines the membrane perturbation penalty per inclusion, due to the incorporation of x 
mole fraction cholesterol. 
In Figure 7.3, we plot the membrane perturbation energy as a function of the 
cholesterol mole fraction. The value of Fd = 0.7 kT/nm defines the energy required to 
insert a single cholesterol molecule. As we increase the concentration of cholesterol, the 
free energy slightly increases, beyond which it gradually decreases until it reaches a 
minimum at oxx = . Also note that the minimum in the free energy is slightly broad 
around ox . A small fluctuation in the cholesterol concentration from ox  to xxo ∆+  or to 
xxo ∆−  results in an increase in the total free energy, indicating, according to 
thermodynamic principles, a stable limit at ox   [46]. We thus infer to ox as the critical 
cholesterol concentration at which the cholesterol is regularly distributed in the 
membrane at a finite spacing in the form of lipid-cholesterol clusters, resulting in a global 
minimum in the free energy. 
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7.3.3 Force between Inclusions 
As a consequence of the inclusion-induced perturbation, inclusions exert forces 
on the membrane. The nature and distribution of these forces is dictated by the precise 
configuration of the inclusion.  Examining the force, which is given by the negative of 
the first derivative of the interaction energy as a function of the separation between 
inclusions, dddFd /− , gives an indication of the type of membrane-mediated interactions. 
In Figure 7.4, we plot the force as a function of distance between the inclusions. We see 
that, for a given membrane, when the inclusions are very far apart (dilute concentrations 
of cholesterol), the force is almost zero or weakly attractive. As the concentration of 
cholesterol is increased to about x ~ 0.13 (d ~ 4), the inclusions start to repel each other. 
However, further increasing the concentration of cholesterol to x ~ 0.18 (d ~ 2.8) turns 
the interactions attractive. This attractive force persists up to an inclusion concentration 
of x ~ 0.28 (d ~ 1.6), beyond which the attractive force starts to decrease. Once the 
cholesterol mole fraction exceeds x ~ 0.35 (d ~ 1.2), the inclusions start to repel each 
other. At higher mole fractions, the force acts to keep the inclusions in the ‘positive’ or 
repulsive force range. The competing attractive and repulsive interactions could thus 
induce phase separations in the membrane. 
7.3.4 Phase Diagram 
An important and challenging aspect of binary mixtures of lipid and cholesterol is 
their phase behavior. Despite evidence for the existence of phases in such binary 
mixtures, the molecular organization of cholesterol in the membrane is not well 
understood.  
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Phase separation is generally driven by a tendency to lower the free energy of the 
system. Within a multicomponent system, phase separation usually leads to the formation 
of intramembrane domains. Phase diagrams can be predicted from a model of the free 
energy accounting for intermolecular interactions. Knowing the free energy function, 
)(xF , the composition of coexisting phases is determined by the common tangent rule: 
21
)/()/( xx xFxF ∂∂=∂∂ (see Figure 7.5(a) for an illustration). To decide whether the 
system is stable or not, we look at whether the free energy is concave upward 
)0/( 22 >∂∂ xF or concave downward )0/( 22 <∂∂ xF . In general, when the second 
derivative of the free energy is positive, the mixed system is stable and does not form 
separate phases. When the second derivative is negative, the system forms separate 
phases (see Figure 7.5(b) for an illustration) [46]. 
To determine the phase diagram for lipid-cholesterol mixtures, one must take into 
account three contributions: The membrane-induced perturbation due to the cholesterol 
inclusions (as given in Eqn. 7.8), the direct cholesterol-cholesterol interactions (as a 
function of their separation d or mole fraction x), and the mixing entropy. The  
dimensionless entropy of mixing, per inclusion, is given by [46] 
)1ln(1)ln( x
x
xxST mix −−+=∆−   (7.9) 
Thus the total mixing free energy of cholesterol-lipid bilayers is given by the sum of 
equations (7.8) and (7.9), namely,  
)( mixdmix STFxF ∆−=∆    (7.10) 
The direct interactions between membrane-embedded cholesterol molecules are 
composed of two contributions: The first, which is attractive, is due to van der Waals 
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forces [3], and is therefore negligible when compared to the membrane perturbation 
penalty. The second is due to an interfacial penalty associated with the increased 
cholesterol exposure to water in cholesterol-only domains when compared to the lipid 
‘shielding’ effect [20]. In the following analysis we will focus on the membrane-induced 
contributions, neglecting the cholesterol interfacial penalty (this issue will be discussed in 
more detail below). 
In Figure 7.6, we plot the free energy of mixing and the second derivative, as a 
function of mixture composition for a characteristic system. We identify three different 
regimes: α , β , and δ . We see that in the dilute limit, at very low cholesterol 
concentrations (x < 0.15), the system favors uniform mixing and cholesterol is uniformly 
dispersed in the membrane (region α ). However, above a critical value the sign of the 
second derivative changes and phase separation is expected. Region β  corresponds to a 
two-phase coexistence region. We infer that the two phases in this region correspond to a 
cholesterol-poor, dilute (D) phase and a cholesterol-rich, concentrated (C) phase. The 
composition of the coexisting phases is given by the common tangent rule, such that 
CD xmixxmix
xFxF )/()/( ∂∆∂=∂∆∂ , where Dx  and Cx  identify the cholesterol mole fractions 
in the ‘D’ and ‘C’ phases respectively. Above a second critical concentration of 
cholesterol, we enter a third region δ , which corresponds to a single phase. 
7.3.5 Maximum Solubility Limit  
Since cholesterol cannot form bilayers, there has to be an upper limit on the 
amount of cholesterol that can be stably incorporated in a bilayer membrane. This is 
defined as the maximum solubility limit of cholesterol, beyond which excess cholesterol 
precipitates as monohydrate crystals. At some critical x value- the maximum soluble limit 
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xmax- the mixing energy between the lipids and the cholesterol will exceed a threshold, 
and cholesterol crystallites will nucleate. 
Crystallite nucleation can take place via two routes: In the first one, excess 
cholesterol remains in solution- thereby nucleating crystallites in the bulk suspension 
[20]. Alternately, the excess cholesterol may segregate in the bilayer into condensed 
cholesterol domains, which coalesce with time and precipitate into solution over time 
[22]. In either case cholesterol will accumulate in the bilayer until the chemical potential 
of the cholesterol in the membrane becomes equal to that of cholesterol in the 
monohydrate crystals, or (neglecting the mixing entropy in all phases) when Fd = µcrystal. 
Unfortunately, estimating the chemical potential of cholesterol in monohydrate 
crystals (whether within the bilayer of in bulk suspension) is complicated: It accounts for 
a combination of the molecular, short-range cholesterol-cholesterol interactions as a 
function of the cholesterol organization in the crystal, as well as the interfacial tension 
between the crystal and the surrounding solution. However, we may qualitatively 
estimate the effect of bilayer characteristics on the maximum solubility limit through 
evaluation of the effect of these parameters on Fd in the limit of high cholesterol content. 
As shown in Figure 7.7, we find that (for a given bilayer thickness) Fd decreases with 
increasing lipid surface 0Σ : Thus, we conclude that  the critical solubility limit shifts 
towards higher values for lipids with a larger headgroup area. This result is in qualitative 
agreement with the experimental results of Huang et al.[19], where it was shown that, 
comparing phosphatidylcholines (PC) vs. phosphatidylethanolamine (PE) bilayers, the 
maximum solubility limit increases with the headgroup area. 
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Figure 7.2 The perturbation profile of a monolayer containing a single cholesterol 
molecule (Eqn. 7.6), as a function of distance from the inclusion 
boundary, z. The thickness profile of the monolayer is defined as 
mm LLzLz /)()( −=∆ . Despite the thickness matching, there is a 
monolayer thickness perturbation near the inclusion, the amplitude of 
which depends on A, the ratio of the monolayer compression modulus to 
the bending stiffness.  
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Figure 7.3 The membrane perturbation penalty per inclusion, Eqn. 7.8, as a function 
of the cholesterol mole fraction, x. For a given membrane, the free energy 
of the system is at a global minimum at a finite composition, defined by 
xo, which depends on the type of lipid. Here Lm = 1.7 nm and Σ0 = 0.4 nm2. 
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Figure 7.4 Force vs. distance between inclusions for a characteristic membrane (Lm = 
1.7 nm and Σo = 0.4 nm2). 
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Figure 7.5 A schematic illustration of the thermodynamic principles governing phase 
behavior. (a) The common tangent to the free energy as a function of 
composition, F(x), identifies the stable phases having compositions x1 and 
x2. (b) The sign of the second derivative of the free energy function, 
d2F/dx2, identifies regions of phase separation. 
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Figure 7.6 Free energy of mixing and second derivative as a function of mixture 
composition for a characteristic system (Lm = 1.7 nm and Σo = 0.4 nm2).   
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Figure 7.7 Maximum solubility limit of cholesterol for two membranes with Lm = 1.7 
nm and varying headgroup areas.  
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7.4 Discussion  
Using a mean-field analysis, we derive the membrane-mediated interaction energy 
between cholesterol-type inclusions in a symmetric lipid bilayer. Despite a thickness 
matching constraint between the inclusions and the bilayer, the inclusions perturb the 
bilayer thickness inducing an oscillating deformation profile close to the inclusion 
boundary (see Figure 7.2). The perturbation range determines the range over which the 
embedded inclusions interact.   
The energy penalty due to the incorporation of cholesterol in the membrane has a 
global minimum at a cholesterol to lipid composition of ox , which varies as a function of 
the lipid type (Figure 7.3). Under these conditions, the most favorable configuration 
would correspond to the formation of lipid-cholesterol domains in which the cholesterol-
inclusions are uniformly spaced. As a result, increasing the cholesterol molar 
concentration in the bilayer above a relatively low value leads to the formation of 
domains whose composition is set by ox . The addition of cholesterol at this stage simply 
increases the fraction of bilayer area occupied by the domains. When the overall 
cholesterol concentration in the bilayer reaches ox  the entire area is occupied by the 
domains. However, examining the phase diagram of a binary mixture of lipids and 
cholesterol (Figure 7.6) shows coexisting phases and we see that even at relatively low 
concentrations of cholesterol, phase separation into cholesterol-poor and cholesterol-rich 
domains is favored. Once the bilayer concentration exceeds a critical value, new domains 
of nearly pure cholesterol nucleate, coexisting with domains whose concentration is close 
to ox  (see Figure 7.8). These ‘pure’ cholesterol domains may act as the nucleation site 
for mesoscopic cholesterol crystallites. 
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Studies by Radhakrishnan and McConnell have shown that mixtures of 
cholesterol and phospholipids exhibit two upper miscibility critical points, under 
specified conditions of temperature and pressure. This behavior has been attributed to the 
formation of molecular complexes between cholesterol and phospholipids [48] that exist 
both above and below the critical miscibility points. Experimental evidence also suggests 
that these condensed complexes of cholesterol and phospholipids yield a separate phase 
within the membrane under certain conditions [17]. The phase behavior exhibited by the 
binary lipid-cholesterol mixture according to our model essentially captures some of 
these experimental observations. Minimization of the free energy by formation of lipid-
cholesterol domains indicates that these domains exist over a broad concentration range. 
The two phase coexistence region shown above in Figure 7.6 would thus correspond to a 
phase rich in lipid-cholesterol domains, the dilute phase, coexisting with a phase rich in 
cholesterol-cholesterol domains, the concentrated phase. This phase regime is analogous 
to the second phase boundary in the experimental observations of McConnell and 
Radhakrishnan [17]. Beyond this region, the lipid-cholesterol domains still exist but do 
not form a separate phase (region δ of Figure 7.6). Thus, in part, the qualitative 
resemblance of our calculated phase diagram to the experimental phase diagram for the 
proposed condensed complex theory, underlies the significance of membrane mediated 
interactions in determining the distribution of cholesterol in binary mixtures of lipid and 
cholesterol. 
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Figure 7.8 Schematic of the coexisting phases in a lipid-cholesterol bilayer: (a) at low 
concentrations, cholesterol is uniformly distributed in the bilayer, (b) as 
the concentration is increased, lipid-cholesterol domains start t form and 
(c) above a certain cholesterol concentration, cholesterol-rich domains 
coexist with the lipid-cholesterol domains. 
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7.5 Scope and Significance 
The study of cholesterol-lipid interactions faces a number of challenges. Since 
cholesterol is known to broaden the phase transitions of lipids with which it is 
intermixed, it can adopt complex patterns of lateral organization in mixtures with lipids. 
There have been numerous approaches towards explaining the complex phase behavior of 
lipid-cholesterol mixtures. Yet, there is no common ground for a consensus on the studies 
available so far. 
The ultimate goal to fully understand how membrane components interact and 
how different events affect membrane dynamics is hard to achieve due to the enormous 
complexity of the molecular structure of biological membranes. Moreover, determining 
phase behavior is not straightforward, however, in part because of the large number of 
components, the small dimensions of the phases, and the possible complexity of the 
actual transitions.  Since cholesterol has been identified as an important component of the 
cell membrane, such theoretical models aid in understanding the effect of the membrane 
characteristics (lipid type) on phase separation and domain formation in lipid-cholesterol 
mixtures. Also, lipid rafts are considered to be enriched in cholesterol. Such studies of the 
dynamics and stability of segregated lipid domains in cholesterol-containing bilayers will 
continue to provide useful information to understand the stability, organization and 
properties of rafts and raft-associated molecules in cell membranes. Additionally, 
understanding the formation of cholesterol-rich domains is essential to unraveling some 
of the complications involved in certain cholesterol-related diseases such as gall stone 
formation and atherosclerosis. Hence, such modeling efforts, in conjunction with 
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experimental analysis can provide a combinatorial understanding of the effects of 
cholesterol on biological membranes. 
 
7.6 Conclusions 
In summary, we developed a model to understand the influence of membrane 
characteristics on domain formation and phase separation in binary mixtures of lipid and 
cholesterol. We find that the free energy is minimum for a particular cholesterol to lipid 
composition, which depends on the lipid type. However, cholesterol and lipids are not 
miscible in all proportions, and there are regions of phase separation. Even at relatively 
low cholesterol compositions, we find that phase separation into cholesterol-rich and 
cholesterol-poor domains is favored. Our model also predicts that the maximum 
solubility limit of cholesterol increases with increase in the lipid headgroup area. 
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS 
 
8.1 Conclusions 
The overall goal of this research effort is to develop a theoretical framework to 
characterize the effect of membrane properties on the behavior of inclusions. To that end, 
the significant contributions are: 
 
1. An experimental as well as theoretical analysis of the dissolution of polymer 
vesicles by surfactants shows that the mechanism is different both qualitatively 
and quantitatively from the dissolution mechanism of lipid bilayers. We have 
shown that the membrane thickness imposes a diffusion barrier that confers 
resistance to dissolution. 
2. Mathematical models are developed to study the protein-induced perturbation of 
polymer vesicles, as well as the distribution of proteins in the membrane. This 
enables us to understand the structure-performance relations of diblock copolymer 
vesicles (polymersomes) for use in drug delivery, with respect to circulation 
behavior as well as for delivering hydrophobic drugs. Membrane thickness 
imposes significant resistance to protein incorporation in polymer vesicles. 
3. We developed a model to examine the effect of the membrane characteristics on 
domain formation and phase separation in lipid-cholesterol mixtures. Our model 
shows that even at relatively low concentrations of cholesterol, phase separation 
into cholesterol-rich and cholesterol-poor domains is favored. These cholesterol-
rich domains could serve as ‘nuclei’ for formation of cholesterol crystallites.  
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8.2 Future Directions 
We suggest the following for building upon the knowledge gained from this 
thesis. 
1. The studies on the dissolution of polymer vesicles have been performed with a 
single non-ionic surfactant, Triton X-100. Similar studies can be performed with 
other ionic surfactants to determine and compare the mechanism of dissolution. 
2. There is a great deal of interest in surfactant-mediated protein reconstitution into 
polymersomes for the formation of proteopolymersomes. It would be interesting 
to explore this aspect, using some of the guidelines presented in this work. 
3. The polymer-protein model can be improved by extending to asymmetric 
systems, taking into account amphiphile spontaneous curvature.  The model can 
also be extended to account for asymmetric perturbations by considering 
inclusions that disturb the bilayer midplane.  
4. The analysis of lipid-cholesterol mixtures can be extended to develop 
sophisticated models to incorporate ‘asymmetric’ bilayers whose leaflets differ in 
their compositions. A two-dimensional analysis of such systems would also lead 
insights into the domain size, important to the formation of raft structures.  
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APPENDIX A: DETAILED DERIVATIONS 
 
 
 
A.1 Membrane Energy 
The free energy (per amphiphile molecule) of a curved monolayer, where the 
radius of curvature is much larger than molecular dimensions, may be written as 
2
2
2
2
2
)()()(),( ⎟⎟⎠
⎞
⎜⎜⎝
⎛Σ+Σ+Σ=Σ
dz
LdK
dz
LdfLf o κ   (A.1) 
where )()(0 LGf +Σ=Σ γ  is the free energy of a flat monolayer: γ denotes the interfacial 
tension between the aqueous media and the hydrophobic tails of the amphiphiles, and Σ  
is the interface area per molecule. G represents the compression/expansion energy of the 
amphiphiles as a function of the local monolayer thickness, L(z), where z is the distance 
from the inclusion boundary. K  and K/κ  define the bending stiffness and spontaneous 
curvature of the monolayer, per molecule, as a function of the density at the surface. The 
local monolayer curvature is given by 22 dzLd . All energies are in units of kT, where k 
is the Boltzmann constant and T is the temperature.  
In the absence of inclusions, there is no perturbation and the energy is minimized 
when the curvature, 022 == dzLdc  (flat bilayer). The equilibrium monolayer 
thickness, mL , and surface density, 0Σ , are thus determined by the condition, 
00 =Σ∂∂f . However, inclusions are known to perturb the membrane, giving rise to an 
energy penalty. Assuming that the presence of inclusions causes only a small perturbation 
in the monolayer surface density, the energy difference, per inclusion, between a 
perturbed and a flat monolayer can be written as: 
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),(),( 0Σ−Σ=∆ mLfLfF   (A.2) 
Expanding in both small curvature and surface density deviations, so that 
1)( 00 <<ΣΣ−Σ z , we have (neglecting terms higher than second order) 
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where 20
2"
0 Σ∂∂= ff  and Σ∂∂= κκ ' , evaluated at 0Σ .  This is a local energy 
difference. It is convenient to consider the monolayer as a function of the area projected 
onto the z axis, 
~Σ , such that all the calculations are performed on the bilayer midplane. 
By simple geometry, the relation between Σ  and ~Σ  is obtained as 
( )[ ] 2/12~ 1 dzdL+Σ=Σ   (A.4) 
 The inclusions perturb the membrane, which can be translated into a perturbation 
parameter, )(z∆ , as 
( ) mm LLzLz −=∆ )()(   (A.5) 
Also, assuming that no solvent goes into the hydrophobic core, by volume-filling 
constraints, we have, mL0Σ=ν , where ν  is the volume of the hydrophobic block. In the 
case of amphiphilic block copolymers, this is further related as, ohvn=ν , where hn is the 
molecular weight of the hydrophobic block, and 0v is the volume of a monomer. Since we 
are performing our calculations along the bilayer midplane, we have 
ohm vnzLL =Σ=Σ= )(
~
0ν   (A.6) 
In systems where the inclusions imposes a small perturbation in the monolayer thickness 
at z = 0, 1)( <<∆ z  and using Eqn. A.4-A.6, we have, mLz)(0 ∆−=Σ−Σ ν . 
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 For a single inclusion, the change in monolayer energy (per inclusion), per unit 
width, is 
FdzzLdzFF ∆=
Σ
∆= ∫ ∫∞ ∞
0 0
~
)(
ν   (A.7) 
The above equation simplifies to 
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This is the main equation describing the membrane-perturbation due to the presence of an 
inclusion. In the case of symmetric amphiphiles, κ  and 'κ  are zero. For two inclusions 
separated by a distance 2d, the change in monolayer energy is given by the above 
equation, where the integration is performed from 0 – d.  
 
A.2 Boundary Conditions 
 In order to solve the above equation, we first need to solve for the perturbation 
profile. Using calculus of variations, we need to find a function )(z∆ , which has a 
stationary value for small variations in )(z∆ . This function is called the ‘functional’. A 
simple variational problem leads to the Euler-Lagrange differential equations. For a 
function, ),,( z
dz
dF ∆∆ , the functional is given by 
[ ])(),,( zIdzz
dz
dFI
b
a
∆=∆∆= ∫   (A.9) 
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The function [ ])(zI ∆  is chosen such that it is stationary, i.e. [ ])()( zzI ξ+∆  is unchanged 
to order )(zξ , provided )(zξ is sufficiently small. 
 Our free energy function is given by Eqn. A.8. This is represented as 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆∆ z
dz
dF ,, 2
2
. The function [ ])(zI ∆  is chosen such that replacing )(z∆  by 
)()( zz αη+∆ , where α is small and )(zη is arbitrary, the functional satisfies the 
condition 0
0
==ααddI  for all )(zη . This translates to 
0"
'
""2
2
=⎥⎦
⎤⎢⎣
⎡
∆∂
∂−∆∂
∂+⎥⎦
⎤⎢⎣
⎡
⎥⎦
⎤⎢⎣
⎡
∆∂
∂+∆∂
∂∫
b
a
b
a
b
a
F
dz
dFdzF
dz
dF ηηηη   (A.10) 
For the above condition to be true, we require 
0"2
2
=⎟⎠
⎞⎜⎝
⎛
∆∂
∂+∆∂
∂ F
dz
dF   (A.11) 
and 
0"
'
" =⎥⎦
⎤⎢⎣
⎡
∆∂
∂−∆∂
∂ b
a
b
a
F
dz
dF ηη   (A.12) 
Eqn. A.11 is the condition for minimization for ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆∆ z
dz
dF ,, 2
2
 and Eqn. A.12 defines the 
criteria to determine the boundary conditions set by minimization requirements, such that 
0" =∆∂
∂
=az
F   (A.13a) 
0" =⎥⎦
⎤⎢⎣
⎡
∆∂
∂
=bz
F
dz
d   (A.13b) 
For example, consider a system composed of symmetric amphiphiles, where κ  
and 'κ  are zero. Eqn. A.8 reduces to 
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dz
dz
dB
L
F m∫∞ ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆Κ+∆=
0
2
2
2
2
ν  where 2
"2
0 ofB Σ=  and 2mKL=Κ . The condition for 
minimization (Eqn. A.11) gives 
∆−=∆ A
dz
d
4
4
  (A.14) 
where Κ= /BA . Since this is a fourth order differential equation, we need four boundary 
conditions to solve for the perturbation profile, )(z∆ . The first boundary condition is 
given by the value of the perturbation profile at z = 0, 0∆ , which is determined by the 
inclusion size. The second boundary condition is a symmetry-enforcing condition, 
namely, 0=∆ dzd  at ∞→z  for a single inclusion or at the midpoint between two 
inclusions, dz = .  The other two boundary conditions are set by minimization 
requirements and are given by Eqn. A.13, such that 
0
2
0
2
2
=∆Κ
=z
m
dz
dL
ν  and 0
2
2
2
=⎥⎥⎦
⎤
⎢⎢⎣
⎡ ∆Κ
∞=z
m
dz
dL
dz
d
ν . 
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